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ABSTRACT 
 
Mohamud, Yussuf N.  M.S., Department of Geological Sciences, Wright State 
University, 2007. Seasonal Variation in the Redox Zones and Biogeochemical Processes 
within the Constructed Wetland 
 
This research investigation focuses on the vertical distribution of dissolved inorganic 
species in the pore-water affected by redox processes and seasonal changes within a 
small constructed wetland located at the Wright-Patterson Air Force Base.  This is a 
follow up study to an earlier investigation (Lach, 2004) at this site in 2003. The current 
study presents greater details to the vertical and seasonal variations in the geochemistry 
of pore-water and offers new insight into understanding microbial processes that 
contribute to the biogeochemical reduction of inorganic species in an upward flow 
engineered wetland layers.   
Water samples were collected from influent, effluent and three layers of the 
constructed wetland through a network of nested piezometers in the vertical flow wetland 
from June 2005 to June 2006. Onsite analysis of temperature, pH and conductivity were 
carried out in the field immediately after the sample collections. Major anions and cations 
were measured by ion chromatography and dissolved ferrous iron was analyzed by 
spectrophotometer. In addition, the alkalinity titration was conducted. 
The result indicates geochemical reduction redox active species (nitrate, iron (III) 
and sulfate) in the three layers or sampling zones of the constructed wetland. Highest 
reduction of nitrate was in the lower layer or LL (median depth: 45 inches), sulfate 
reduction started all the way in the LL but reached maximum in the middle layer or ML 
(median depth: 27 inches). The formation of dissolved ferrous iron by the way of Fe(III) 
 iv
reduction is highest in the middle layer or ML and appears to roughly coincide with the 
greatest sulfate reduction. The trends in dissolved Fe(II) are similar regardless of the 
seasons but the quantity of ion concentration in the layers seems to vary presumably due 
to seasonal effect in temperature and vegetation. The upper layer or UL was found to be 
the most sensitive zone to the effect of seasonal variations mainly because of plant roots 
that may act as a conduit for oxygen transport forming oxidized rhizosphere of aerobic 
microenvironment around the root hairs  
The results of this research indicate a strong likelihood of anaerobic processes 
such as nitrate, Fe(III), and sulfate reduction in lower and middle layers of the 
constructed wetland, and a potential for oxidative processes within the upper layer of the 
wetland. The efficiency of this system in reducing or oxidizing redox-sensitive species 
(electron acceptors) is affected by factors including temperature, vegetation and 
availability of electron donors. 
 v
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1. INTRODUCTION 
The purpose of this thesis research is to measure the concentration of major 
inorganic ions in the wetland hydric soil layers throughout the seasons and contribute to 
understand biogeochemical processes in the redox zones within a small constructed 
wetland at Wright Patterson Air Force Base, Dayton Ohio. This research is a follow up to 
a recent study at this site (Lach, 2004) that included a biogeochemical analysis of 
selected inorganic and organic species, alkalinity, pH, temperature, conductivity, etc. 
Previously, several research efforts [Johnson, 2001; Bugg, 2002; Campbell, 2002; 
Opperman, 2002; Blalock, 2003; Kovacic, 2003; Clemmer, 2003; Sobolewski, 2004; 
BonDurant, 2004; Lach, 2004 and Waldron, 2007] have been made at this site mainly in 
the study of the chlorinated solvent degradation aimed at remediation of 
tetrachloroethylene (PCE), trichloroethylene (TCE) and their daughter products in 
contaminated groundwater.  
The field measurements of pH, temperature, conductivity, and laboratory analysis 
of alkalinity and major anions and cations in this study was accomplished for a better 
understanding of the redox conditions and important biogeochemical transformation 
processes taking place in the constructed wetlands. 
1.1. Overview 
In the past four decades, many sites contaminated with chlorinated hydrocarbons 
(PCE, TCE and daughter products) have been identified by the Department of Defense 
(DOD) and US Air Force (Campbell, 2002). This contamination of groundwater 
resources in the past has been as a result of improper disposal practices and leakages 
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from the landfills and underground storage tank (UST). The high density, low solubility 
properties of chlorinated ethenes in nature explains why they can remain as non-aqueous-
phase liquids (NAPLs) and sink to the bottom of the groundwater aquifers, and persist 
there for long periods of time (Campbell, 2002; Blalock, 2003). As time elapses, NAPLs 
may solubilize in the aquifer and become contaminants that flow with the groundwater, 
thus creating a plume which can then be detected in the subsurface (Campbell, 2002).  
Chlorinated ethenes or CEs are used as industrial solvents in degreasing metal 
parts, dry-cleaning facilities (Aggazzoti et al., 1994), manufacturing of PVC pipes, wire 
coating and material packaging (Campbell, 2002).  Despite the usefulness of CEs in 
many industrial applications, the research conducted by International Agency for 
Research on Cancer (2001) indicates several health risks associated with CEs. PCE and 
TCE in the drinking water above the maximum contaminant level or MCL are 
carcinogenic and may cause liver and kidney damages. Further, vinyl chloride or VC, a 
daughter product of PCE and TCE degradation is carcinogenic and may cause liver, 
kidney, lung, heart, nerve damage and prevents blood clotting (Campbell, 2002). 
Therefore, it is vital to remediate the sites associated with these chemicals to bring down 
their concentration below the MCL. 
A high cost of operation due to large energy consumption, maintenance and 
constant repair and a slow process associated with bioreactors (www.FRTR.gov) is 
replaced by treatment wetlands seen as cheaper, more efficient and effective alternative 
of contaminant remediation which can degrade chlorinated ethenes to safe end products 
such as carbon dioxide by the process of reductive dechlorination (Kassenga et al., 2003). 
Lorah and Voytek (2004) in a laboratory setup under iron-reducing, sulfate reducing and 
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methanogenic conditions determined anoxic mineralization of VC to carbon dioxide or 
carbon dioxide and methane. This was possible due to the presence of microbial 
population that enhances nutrient degradation. Two main regions exist in wetland defined 
by the presence or absence of oxygen. The portions of upper layer in the wetland are 
supplied with oxygen through plant roots, making it an oxidizing environment; however, 
the lower and the middle layers show reducing conditions. These intervals are inhabited 
by native microorganisms that carry out specific biogeochemical processes and reactions 
which can degrade certain nutrients in the wetlands to a harmless end product (Lee et al., 
1998). 
 In an upward vertical flow wetland intended for VOCs treatment, groundwater 
contaminated with chlorinated solvents is pumped into the base of the wetland rich in 
microbes.  In this anaerobic zone rich in microorganisms, efficient reductive 
dechlorination of VOCs and inorganic nutrient consumption can occur. As water moves 
upward through highly organic soils, and approaches the oxic zone, the high surface area 
of the rhizosphere dominated by methanotrophic bacteria degrades organic compounds to 
carbon dioxide indicating the removal capacity of chlorinated solvents concentration by 
wetland plants (Kassenga, et al., 2003).  
Four main processes of microbial degradations in wetland environments have 
been identified: 1) Energy yielding oxidation in either anaerobic or aerobic region that 
occurs when microbial populations use nutrients as primary energy source for growth, 
reproduction and maintenance of cells; 2) Energy yielding reduction that occurs in 
anaerobic region where chlorinated contaminant is used as an electron acceptor instead of 
an electron donor; 3) Reductive dehalogenation occurs in anaerobic region as the most 
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effective process due to oxygen limitation in the wetland environment; 4) Co-metabolic 
oxidation as aerobic degradation processes where enzymes produced by microorganisms 
act on a primary substitute such as methane, degrades chlorinated ethenes to carbon 
dioxide (Lee et al, 1998; Chapelle, 2001).  
However, this research will concentrate on understanding the conditions that drive 
biogeochemical processes in the redox zones to better correlate with conditions that 
enhance contaminant degradation in the same zones through the analysis of conductivity, 
pH, temperature, alkalinity, ferrous iron and major anions and cations.  
1.2. Advantages of Groundwater Treatment by Wetlands: 
Treatment of contaminated ground water by wetland is preferred over other 
conventional treatment options such as pump-and-treat and air strippers due to less 
energy consumption and maintenance cost as it entirely operates by natural attenuation. 
Except for initial cost of construction, microbial seeding and extra carbon substrate as a 
source of energy for microbial growth, it’s alternatively cheaper in that no annual labor or 
chemical cost is involved. A high cost associated with aerating contaminated water to 
vaporize the VOC demands extensive control hence expensive (Entingh, 2002).  
Natural wetlands are readily available at no extra cost and besides their 
remediation capabilities, wetlands are habitats for wildlife attraction the presence of 
which is an indicator for wetland functioning. Wetlands can be a source of compost 
manure (vegetation and peat); while harvested vegetation can be used as raw material for 
alternative energy production (biogas) as well as fodder for livestock. Treatment by 
wetland is superior to pump-and-treat and air strippers in that no space is required to store 
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contaminated water since the whole process takes place below the surface and the 
possibility of contaminating the air by releasing toxic chemical directly is minimized. In 
constructed wetlands where natural attenuation is controllable, contaminated groundwater 
is exposed to different processes under different conditions (aerobic-anaerobic) which 
may degrade the contaminant to its innocuous by-products. Unlike alternative methods, 
presence of vegetation slows down water velocity moving through the wetland, which in 
turn enhances water quality and clarity settling particle suspension (Entingh, 2002). 
1.3. Previous Work: 
Since the completion of this wetland construction in September of 2000, several 
studies have been done concerning its functionality in degrading chlorinated ethenes, 
which is the intended purpose for its construction besides inorganic ion analysis and field 
measurements. A dozen of M.S thesis synopses that resulted from WPAFB wetland 
studies are as follows: 
Johnson (2001) study examined modeling biodegradation activities of chlorinated 
groundwater contaminant occurring in the iron-reducing zone of the wetland. The 
findings included: 1) Hematite depletion due to organic acid and alcohol influences as 
indicated by model simulations from output graphs; 2) More influence of hematite 
depletion in the model by organic material reactions than contaminant degradation; 3) 
The higher the amounts of hematite and water flow rate in the wetland system the higher 
the amount of organic/ contaminant degradation, although efficiency doesn’t increase 
with flow rate. 
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Campbell (2002) study focused on comparing different approaches to modeling 
the reductive dechlorination of chlorinated ethenes in anaerobic region of constructed 
wetland by microbial consortia. His study concluded that by incorporating biofilm, mass 
transfer and reaction kinetics have a limited effect on biodegradation in constructed 
wetland. 
Bugg (2002) research focus was on anion characterization of a constructed 
wetland used for chlorinated ethene remediation. Bugg’s finding included high 
concentration of mono-carboxylic acids in the lower layer indicating fermentation of 
humic substances and decreasing nitrate and sulfate from LL to UL suggesting reductive 
anoxic condition necessary for chlorinated ethene degradation as well. 
Entingh (2002) investigation characterized the behavior of ground water flow 
through a wetland to explore its potential capacity to degrade CEs. Thus hydraulic 
conductivity measurements and numerical model simulations revealed existence of non 
uniform water flow patterns in the wetland soil layers and a mean residence time of 3 
days for water to exit at the weir from the influent in cell # 1. 
Opperman (2002) study focused on determination of chlorinated solvent 
contamination levels in an upward flow constructed wetland by purge-trap gas 
chromatography analysis. The results indicated PCE decrease (33.97ppb-0.84ppb) from 
influent to upper layer (98% reduction). TCE increased in the middle layer suggesting 
PCE degradation in the lower strata but decreased in the upper layer (0.63ppb-0.175ppb) 
from LL-UL respectively.   
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Blalock (2003) thesis research characterized the water flow through wetland soil 
layers by measuring hydraulic parameters and using it to build a numerical model run to 
simulate flow through the wetland to develop a residence time distribution function 
(RTDF) as a follow up to Entingh’s (2002) study in the previous year. RTDF expresses 
the portion of contaminant water in the wetland over a period of time predicting 
contaminant degradation in the wetland. His research finding indicated: 1) the mean 
residence time of 1.6 days for influent water to reach the effluent at the weir quite 
different from Entingh (2002) finding of 3 days; 2) the water flow was not uniformly 
vertical probably due to existence of stagnant zones in the wetland affecting the treatment 
efficiency. This finding is similar to Entingh (2002) findings as well. 
Kovacic (2003) analysis focused on anion distributions in the developing strata of 
a constructed wetland used for chlorinated ethene remediation. He further measured DO, 
ORP, temperature and pH to investigate biotic and abiotic processes occurring in wetland 
layers. Kovacic research was a follow up to a previous year study by Buggs (2002) that 
similarly characterized the concentrations of organic acids and inorganic anions 
indicative of geochemical processes that may suggest presence of reducing conditions 
that enhance CEs degradation. His findings included: 1) high concentrations of organic 
acids in wetland lower strata supporting fermentation of humic substance;  2) strongest 
reducing regions are hydric strata (45”-27” and 9” depths) indicated by depletion of 
nitrate and sulfate at these depths, increased organic acids (formate, lactate and acetate), 
high negative ORP and low DO concentrations. 
 Clemmer (2003) thesis focused on characterization of chlorinated solvent 
degradation in a constructed wetland as a follow up to Opperman (2002) study on the 
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subject. Besides determination of chlorinated solvent concentration in the strata, water 
quality parameters were measured to determine dominant degradation processes. 
Clemmer (2003) findings included: a) PCE reduction by 99.3% between influent and UL, 
with largest decrease in 45-27” layers (94%); b) TCE increased in LL but decreased in 
ML and UL followed by VC and cis-DCE increase in ML that further fell in UL but 
undetected in effluent an indication of PCE, TCE degradation to their daughter products;  
c) decrease in DO and ORP concentration from LL-ML indicates existence of a reduced 
condition; d) slight increase in DO between ML and UL may have contributed to 
completion of aerobic degradation of VC and cis-DCE. 
Sobolewski (2004) study determined concentration of chlorinated solvents and 
their biodegradation by-products profile due to chemical and microbial processes through 
seasons. This study is a follow up to Opperman (2002) and Clemmer (2003). Her findings 
includes: a) PCE and TCE concentration decreased from previous years as a sign of 
wetland efficiency as it matures; b) PCE reduction to 0.796 ppb at the effluent below 
5ppb MCL set by EPA c) Evidence of PCE degrading to daughter products indicated by 
DCE isomers and VC presence c) discovery of trans-DCE and 1, 1, DCE that was not 
detected in the previous studies. 
BonDurant (2004) study involved characterization of microbial process that 
degrades chlorinated solvent using organic acid and inorganic anion concentration in 
wetland profile. This was a continuation of analysis by Buggs (2002) and Kovacic 
(2003). The findings included a) decrease in organic concentration by 100% from July 
2003-Fall 2003 probably due to varying seasons and temperature that may have influence 
microbial metabolism b) decrease in sulfate and nitrate concentration from LL-UL and 
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similarly a decrease from LL-UL in chlorinated ethene (CE) concentration c) Relatively 
higher concentration of nitrate and sulfate in LL layer may have hindered dechlorination 
of CEs 
 Waldron (2007) study characterized and evaluated the concentration of 
chlorinated ethenes within three distinct layers in addition to pore water sampler 
prototype intended for detailed contaminant profile. His study was a follow up to 
Opperman (2002), Clemmer (2003) and Sobolewski (2004). Waldron’s findings 
summaries are: 
a) rapid decrease in PCE and increase in TCE concentrations in the LL followed by 
increase in DCE, VC and ethane along with decreasing TCE concentration in the ML 
indicates anaerobic reduction dechlorination of PCE to Ethane in sequence 
b) decrease in TCE, DCE, VC and Ethane concentrations between ML and UL suggests 
aerobic oxidation due to plant root oxygenation or cometabolism and direct volatilization 
reduction processes. 
c) Waldron attributed wetland degrading efficiency from previous studies; December 
2001, January 2003, Fall 2003 and September-December 2006; 92.9%, 96.4%, 98.8% 
and 98.9% respectively to maturation (5 years) 
d) PCE concentration measured at the effluent represented 85.4% reduction while in the 
UL 98.9% reduction suggesting existence of by-pass points in the wetland 
Lach (2004) investigation focused on biogeochemical conditions within the 
wetland in relation to chlorinated ethene degradation and effect of seasonal variation, is 
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the basis of what  my current research has built on as a follow up to advance it further, 
with specific emphasis in biogeochemical processes in the redox zones with changing 
seasons. The following are the summaries of Lach (2004) findings: 
a) PCE degradation by reductive dechlorination correlates with sulfate and nitrate 
reduction in the same zones. 
b) existence of changing concentration of ions in the wetland with seasonal variations 
which further corresponds to vegetation growth, temperature increase and decrease in pH 
from January to June 2003. 
c) the difficulty in identification of the exact location of electron acceptor in the wetland 
layer is attributed to a wide sampling depth (18”) between sampling points, this calls for a 
closer sampling range in the wetland layers. 
1.4. Wetland Design 
By the summer of 2000 two identical wetland Cells (Cell # 1 and Cell #2) each 
measuring120x60x6ft were constructed by Brown and Root contractor through the Corps 
of Engineers at a total cost of $ 320K (Shelley, 2002). Cell # 1 studied in this research is 
an upward vertical flow wetland built in an excavated pit filled with hydric soils imported 
from drained wetland nearby up to 54” depth below the surface (Shelley, 2002 and Amon 
et al., 2007) 
The construction was designed in such a way that PCE and TCE contaminated 
groundwater in the underlying aquifer is pumped into the base of multilayered engineered 
wetland enhancing vertical flow through the layers on to the surface. This will expose 
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contaminated water to aerobic and anaerobic environment as well as native microbial 
activities that enhance the reduction or removal of the unwanted substance. To achieve 
this goal construction design coupled with materials used determine the outcome. At this 
particular research site cell #1 construction sequences is described below (Figure 1-1) 
The site was excavated and leveled with 7 cm sand layer before placing a 
geomembrane liner all round to isolate and protect the cell from the environment through 
seepage. A 15 cm sand layer on geomembrane liner is then followed by 23 cm limestone 
gravel layer enhanced with microbial seeds (from methane producing marsh and wet 
domestic sewage sludge at the ratio of 1:1) evenly distributed in the gravel layer to ensure 
the presence of diverse microbes (Amon et al., 2007). Three perforated water distribution 
(3” PVC) pipes were installed in the gravel layer along with out flow weir box at the end. 
18 inch thick layer composed of hydric soil with 10% wood chips to support methane 
production and oxygen removal at early stage of wetland development (Amon et al., 
2007), was then followed by last two identical layers of unchanged hydric soils each 18 
inch thick lastly spread leveling the surface layer except for the rectangular ditch 
perimeter around the wetland. The cell is then saturated with water before installing 3 
nests of piezometers in a grid location as close as possible at predetermined depths of 9”, 
27” and 45”. Piezometer screens are shielded before driving into the ground below 
sampling position and retracted to expose the screen at the exact sampling depth attached 
to a Teflon tube to ease sample extraction (Shelley, 2002). Finally after installing a nest 
of 66 piezometers in a rectangular array, wetland is planted with different species of 
vegetation.  
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Figure 1-1: Cross section of treatment wetland at WPAFB showing sampling layers, 
vegetation and water delivery systems (Amon et al., 2007). 
 
 
1.5. Research Objectives:  
Previous research (Lach, 2004) specifically pointed out a relationship between the 
changing seasons and various biogeochemical processes (summarized above, section 
1.3). As a follow up of the above research, groundwater geochemistry data was collected 
from the constructed wetland site during June 2005-June 2006 on a monthly basis to 
better characterize the seasonal variation in the geochemical attributes of the groundwater 
by established field and laboratory techniques.  
 
1.6. Research Questions: 
1. Is there any relationship between vertical zonation (sampling depth) and 
concentration of ions? 
2. Does alkalinity and conductivity also vary systematically through the depth and 
also correlate with each other? 
3. Does seasonal variation play a role in the wetland biogeochemistry? 
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4. Is there a hierarchy or sequence in electron-accepting processes within the wetland 
at different depths? 
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2. BACKGROUND 
2.1. Natural Attenuation 
Natural attenuation is defined as variety of physical, chemical and biological 
processes in the environment that under favorable conditions act without human 
intervention to reduce the mass, toxicity, mobility, volume or concentration of 
contaminants in soils or groundwater (US Environmental Protection Agency, 1999). 
Natural attenuation or NA processes mainly include following key processes: (a) 
biodegradation; (b) dispersion; (c) dilution; (d) sorption; (e) volatilization; and (f) 
chemical or biological stabilization, transformation, or destruction of contaminants 
(US.EPA, 1999). 
Biodegradation is an important component of the natural attenuation processes of 
organic contaminants in the groundwater. Under favorable condition, naturally occurring 
microorganisms can facilitate biogeochemical reactions by metabolic and cometabolic 
processes that can convert low to moderate concentration of harmful organic 
contaminants (e.g., chlorinated hydrocarbons, and constituents of petroleum 
hydrocarbons) into innocuous by products (Lee et al., 1998). The analysis of various 
electron acceptors in the groundwater (oxygen, nitrates, sulfate, iron(III), and carbon 
dioxide) can offer an understanding of natural processes that microbes can facilitate in 
degrading contaminant, and also can characterize the rate at which these processes occur 
in-situ, and help identify microbial processes involved (U.S. EPA, 1999). An 
understanding of natural attenuation processes of chlorinated ethenes taking place in 
constructed wetlands through biotic or abiotic pathways require fundamental knowledge 
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of oxidation and reduction reactions enhanced by biodegradation under aerobic and 
anaerobic conditions. Therefore this research is focused on the seasonal variation of the 
terminal accepting processes in the three layers of the vertical flow wetlands built for the 
treatment of chlorinated ethenes in the contaminated groundwater. The study will likely 
contribute to a better understanding of the natural attenuation potential of the subsurface 
vertical flow wetlands elsewhere. 
2.2. Introduction to Wetlands: 
Wetlands occupy nearly 6% of the earth surface in nearly every climatic zone, 
except in Antarctica (Williams, 1990). Brinson (1993) defined Wetlands as “transitional 
ecosystems that represent continua between strictly aquatic and strictly terrestrial 
ecosystems”. In the past, wetlands were conceived to be wastelands and worthless; 
however, the significance of wetlands in water purification, recreational function and 
aesthetic environmental qualities in recent years has lead to the efforts towards its 
protection (Williams, 1990, Brix, 1997, Brix, 1994). Williams (1990) has argued that 
reduction in the aerial extent of the wetlands due to land reclamation by draining and 
infilling, and due to the encroachment from agriculture, industry, urbanization and 
recreation is taking place at a faster rate in recent years. 
2.3. Natural and Constructed Wetlands 
Wetlands are classified as either naturally occurring or constructed (artificially 
engineered). The constructed wetlands are further subdivided into two categories 
depending on its hydraulics (construction design) as either subsurface vertical flow 
wetlands or surface flow horizontal wetlands. Wetlands can carry out a number of 
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ecological functions including serving as wildlife habitats, source of biological 
productivity and organic matter storage and decomposition. Wetlands may also control 
flood, erosion, sedimentation and water supply through hydrologic flux and storage in 
addition to nutrient removal and carbon sequestration through biogeochemical cycling 
(Brix, 1997) 
A wetland has three primary elements: hydrology, soils and vegetation.  
Hydrology creates flooded soil condition with oxic and anoxic zones in close proximity 
to facilitate biogeochemical cycling. Water saturated conditions within a wetland affect 
soil anaerobiosis (living or growing in O2-deficient environments), species composition 
and abundance, primary productivity, organic accumulation and nutrient cycling (Kadlec 
and Knight, 1996). Wetlands with highest flow-through of water and nutrients or 
alternating hydroperiods (number of days per year that there is a surface water at a given 
wetland location) experiences the highest productivity (Kadlec and Knight, 1996). While 
hydrological input enhances nutrient cycling, its availability is increased by reduced 
condition in wetland substrate, thus under anaerobic standing water decomposition rate is 
slower than dry condition (Mitsch and Gosselink, 1993). Due to its hydraulic design, the 
WPAFB vertical flow constructed wetland may have a hydroperiod throughout the year, 
a case that may not be common to most natural wetlands. 
Wetland soils are referred to as hydric soils as they are formed under saturation 
condition to develop anaerobic condition (Kadlec and Knight, 1996).  Wetlands have 
either mineral-rich soils or organic-rich soils depending on their organic matter content 
and principal storage of all biotic and abiotic components in wetlands (Mitsch and 
Gosselink, 1993). Hydric soils can better support plants and microbial growth that 
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provides substrate necessary for water quality enhancement. The chemical and microbial 
processes within the wetland soil can influence its redox properties, and can create a 
vertical gradient showing declining redox potential with depth as concentration of 
dissolved oxygen decreases (Kadlec and Knight, 1996). 
Wetland vegetations have unique adaptations that can help in chemical and 
microbiological transformations by creating oxidized zones around their roots (Figure 2-
2). These encompasses both microbial populations of floral bacteria, fungi and algae that 
enhances nutrient cycling and pollutant degradation as well as macrophytes, vital for 
wetland treatment system providing structural support  for the microbes that mediate 
most of the pollutant transformation in wetlands (Kadlec and Knight, 1996; Mitsch and 
Gosselink, 1993). Wetlands with dense vegetation slows down the flow of water 
enhancing treatment process as the residence time is increased, while in poorly vegetated 
portions fast flow of water reduces treatment efficiency (Goulet et al., 2001). 
Constructed wetlands are intended to duplicate the natural system by 
incorporating components typical of natural wetlands, some of which may take long time 
to develop and relatively expensive to duplicate. Wetlands construction may be 
accomplished in nearly any spot and it is intended for creation of wildlife habitat, flood 
control, water quality management and aquaculture (Kadlec and Knight, 1996). 
Constructed wetlands are often used as low cost yet effective means for the treatment of 
water impacted with dissolved toxic metals and sulfate rich acid mine drainage (Woulds 
and Ngwenya, 2004). 
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2.4. Biogeochemical cycling 
Wetland vegetation, hydrology and microbial activities work together to facilitate 
nutrient cycling between the wetland and its surrounding ecosystems, and they transport 
and transform species of oxygen, nitrogen, iron, sulfur, carbon, etc. in anoxic 
environment by redox processes (Mitsch and Gosselink, 1993). An ecosystem with an 
abundant exchange of materials with its surrounding is biogeochemically open, while 
limited mobility of materials across the ecosystem boundary creates closed ecosystems 
(Mitsch and Gosselink, 1993). 
Plants incorporate nutrients and chemicals into their tissues during growth that are 
translocated from the shoots to the roots and rhizomes during senescence and later re-
introduced into the wetlands upon plant death and decomposition (Kadlec and Knight, 
1996). Microbes as well grow, die and decompose faster than the macrophytes (Kadlec 
and Knight, 1996) accelerating the nutrient cycling processes. However, the degradation 
of compounds by energy yielding reduction can transform substances such as nitrates, 
ammonium, and sulfur into gaseous products releasing them into the atmosphere, while 
Fe and Ca ions may be deposited into the wetlands without passing through the cycle 
(Kadlec and Knight, 1996). Low concentrations of nitrogen and phosphorus in plants at 
the restored sites indicates poor nutrient uptake and release due to early phase of growth 
while higher rates of production suggests higher rates of nutrient cycling if nutrient 
source is from the soil (Verhoeven et al., 2001). 
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Biogeochemical cycles of elements such oxygen, carbon, nitrogen, iron and sulfur 
will be discussed in the following pages as they transform and change phases in the 
ecosystem forming important nutrients of interest in this study  
Oxygen: The source of oxygen in the atmosphere, surface and groundwater is 
photosynthesis of green (chlorophyllic) plants, where in the presence of solar energy, 
carbon dioxide and water are transformed to organic carbon and oxygen (Figure 2-1). 
However, the excess photosynthetic production of oxygen is balanced on the global scale 
by oxygen consuming organisms through respiration (Chapelle, 2001). In shallow water 
with active photosynthetic plants and algae, the rate of O2 production surpasses 
respiration during daylight causing net accumulation of dissolved O2; while at night 
microbial respiration exceeds photosynthesis decreasing oxygen concentration (Jackson 
and Myers, 2002).  In contrast, groundwater and aquatic sediments environments lack 
sunlight penetration inhibiting photosynthesis and slow rate of oxygen diffusion while O2 
consumption by microorganisms continues (Chapelle, 2001). The rate of oxygen 
translocation from the atmosphere and respiration rate in subsurface environment will 
determine the status of the environment. If the rate of oxygen consumption by microbes 
is higher than its production by photosynthesis an anaerobic system develops (Chapelle, 
2001). Oxygen availability in proximity to the wetland root zone also depends on species 
selection, organic carbon loading and temperature condition (Riley et al., 2005). 
Carbon: The plants absorb sunlight to form reduced organic compound from CO2 and 
then release stored chemical energy through oxidation of reduced carbon into CO2 gas or 
as dissolved carbonate species (CO2, HCO3
- and CO3
2-) in the groundwater. In the 
presence of solar energy, carbon dioxide is reduced to carbohydrates and oxygen 
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resulting in aerobic environment while aerobic re-oxidation of organic carbon in 
carbohydrate by respiring aquatic biota and anaerobic oxidation of its sequestered portion 
by photosynthesis are both cycled back to the atmosphere as carbon dioxide (Chapelle, 
2001). An incomplete oxidation of organic carbon by fermentative bacteria  however, can 
yield reduced organic acids and hydrogen, which are then completely oxidized with other 
electron acceptors such as Fe(III), sulfate and nitrate anaerobically. In the absence of 
Fe(III), nitrate and sulfate reducers, methane produced by methanogenic bacteria under 
anaerobic condition is exposed to aerobic environment where its oxidation to CO2 and 
water occurs (Chapelle, 2001). Under incomplete oxidation, organic carbon may 
accumulate over time forming energy minerals such as fossil fuels, petroleum and coal or 
results in dissolved inorganic carbonate species (CO2, HCO3- and CO32-) in groundwater 
(Chapelle, 2001). 
Aerobic respiration decomposes carbohydrates to CO2, water and energy, in the 
presence of oxygen and hydrogen ions as final electron acceptors (Kadlec and Knight, 
1996). Oxygen and carbon dioxide production by photosynthesis (1) and respiration (2) 
processes respectively are shown below (Chapelle, 2001; Lee et al., 2003): 
Solar energy + CO2 + H2O  CH2O + O2      Eq. 1 
CH2O + O2   CO2 + H2O + Chemical energy    Eq. 2 
Nitrogen: Nitrogen cycling (figure 2.1) utilizes abiotic processes and microorganisms to 
decompose organic carbon to derive energy. During electrical storm oxidized (NO3) or 
reduced (NH3) nitrogen compounds formed in the atmosphere are transported by 
precipitation to the earth where nitrogen fixation by microbes occurs. Microbial oxidation 
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and reduction of nitrogen are the sole nitrogen cycling processes. Aerobic nitrogen 
fixation is by Azotobacter and Rhizobium while Clostridium fixes N2 anaerobically.  
Nitrogen cycle continues once the fixation is initiated. Microorganisms and plants 
assimilate NH3 produced by N2 fixation into protein; which return to ammonia upon the 
death of the organisms (Chapelle, 2001). 
Ammonia (NH3) is oxidized to nitrite (NO2-) aerobically by nitrifying bacteria 
(Nitrosomonas), which is further oxidized to nitrate (NO3-) by Nitrobacter (Kadlec and 
Knight, 1996). This nitrate can then be assimilated in a reduced form of NH2 as a protein 
by several plants and microorganisms. Nitrate has been the most thermodynamically 
favored electron acceptor in microbial metabolism under anaerobic environment. Nitrate 
reduction by microorganisms for energy production (denitrification) occurs in series; 
NO3-  NO2 -  N2O  N2 (Chapelle, 2001, Mitsch and Gosselink, 1993). Sequential 
nitrification/denitrification process in the constructed wetland may be the primary 
ammonium removal mechanism increased by the presence of plants in summer and 
reduced in cold winter because of decreased plant uptake (Riley et al., 2005; Stein and 
Hook, 2005). 
Three possible ways of nitrogen cycling in groundwater systems include the 
following: 1) nitrogen fixation from organic nitrogen in the presence of enormous energy. 
2); organic nitrogen oxidation to nitrate aerobically (nitrification); and 3) anaerobic 
denitrification. These chain of processes will ensure the presence of nitrate under oxic 
and its depletion in anoxic conditions. Under oxic conditions, the cycle ends after 
nitrification accumulating nitrate in solution, while in anaerobic condition denitrification 
converts NO3-  N2 impeding nitrification which results in nitrogen species depletion in 
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groundwater (Chapelle, 2001). Garcia-Linares et al. (2003) attributes nitrate depletion to 
the existence of low hydraulic gradients, permanent humidity of the soil and abundant 
organic matter in the wetlands. 
Iron:  Iron exists in the global cycle as shown in figure 2-1 either as water soluble 
reduced ferrous (Fe(II)) or immobile oxidized ferric (Fe(III)) oxyhydroxides, formed by 
the microbially catalyzed reactions under natural conditions. Ferric iron (Fe(III)) ranks 
third in the scale (Figure 2-2) of electron acceptors following oxygen and nitrate 
consumption by microorganisms in subsurface environment. In anaerobic environment, 
Geobacters metallireducens reduces Fe(III)- oxyhydroxides to dissolved Fe(II), which in 
aerobic environment is oxidized back to solid Fe(III)-oxyhydroxides phases abiotically. 
Most Fe(II)-released are sequestered by iron-rich clay sediments such as illite, ilmenite, 
pyrite, magnetite, etc. (Chapelle, 2001). Excessive production of Fe(III) as insoluble iron 
oxyhydroxides waste can easily clog the wells and pipes as well as form thick iron 
plaques coatings on the plant roots (causing a barrier to nutrient uptake) (Mitsch and 
Gosselink, 1993); this is attributed to the adaptation of Fe-oxidizing bacteria present near 
the aerobic-anaerobic interfaces where both dissolved oxygen and dissolved (Fe(II)) are 
readily available(Chapelle, 2001). However in the case of anaerobic (Fe(III)) reduction, 
the likelihood of (Fe(II)) reoxidation diminishes, resulting in the accumulation of 
dissolved Fe(II) in solution, enriching groundwater with high dissolved Fe (II) 
concentration due to iron cycle truncation (Chapelle, 2001). 
Sulfur. Sulfate reduction immediately proceeds following ferric iron depletion in 
subsurface environment. Sulfur cycles through three main oxidation states of sulfide (-2), 
sulfur (0) and sulfate (+4). Microorganisms reduced sulfate to sulfide and further to sulfur 
 23
for protein synthesis through the process of assimilatory sulfate reduction under both 
anaerobic and aerobic conditions (Chapelle, 2001).  Dissimilatory sulfate reduction 
(DSR) process uses sulfate as terminal electron acceptor in strictly anaerobic oxidation of 
organic carbon and hydrogen to produce hydrogen sulfide. H2S reaction with metals such 
as Fe may form sulfide minerals which could remove sulfur from the cycle or may lead to 
sulfate formation in aerobic environment (Chapelle, 2001).  Microorganisms such as 
Thiobacillus enhance sulfate production from H2S oxidation in aerobic zones as a source 
of energy for their growth and reproduction. Photosynthetic cyanobacteria and algae use 
H2O and H2S as an electron donor to maintain constant supply of O2 in anaerobic 
environment that oxidizes H2S to sulfate. Both sulfide and sulfate mineral precipitation 
may enhance sequestration and their temporary removal from sulfur cycle which can be 
returned by exposure and weathering processes (Chapelle, 2001). Escaping H2S gas from 
the system enhances sulfate reduction without pyrite formation (Dutton et al., 1996). The 
presence or absence of sulfur-bearing minerals such as gypsum and anhydrite will 
determine sulfur presence in the groundwater system (Chapelle, 2001). 
 The presence of pyrite in an oxygenated zone may result in an increase of sulfate 
concentration and decrease of pH due to the release of H+ ions, thus when sulfide 
oxidation is cut off, sulfate accumulation in solution will result. Fe reduction displayed 
by increased Fe concentration becomes prevalent microbial process at complete depletion 
of oxygen. Since Microbial Fe(III) reduction suppresses methanogenesis and  sulfate 
reduction (Neubauer et al., 2005), sulfates accumulates in solution as its not immediately 
recycled until Fe(III) reduction stops marking the beginning of sulfate reduction 
processes (Chapelle, 2001). However, high concentration of ferrous iron in anaerobic 
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wetland soil, when combined with sulfide forms insoluble ferrous sulfide which buffers 
the toxicity of free hydrogen sulfide (Mitsch and Gosselink, 1993). 
Limestone and gypsum bearing aquifer are ready sources of sulfate in 
groundwater aquifer, thus under low pH dolomite and gypsum dissolution will result in 
increased concentration of Ca2+, Mg2+, HCO3- and SO42- (Chapelle, 2001). Under high 
sulfide concentration environment pyrite forms thus low (Fe2+/Ca2+) ratio enhances 
calcium formation in the system (Dutton et al., 1996).  In oxygenated recharge areas no 
sulfate reduction is expected, however, in anaerobic condition sulfate reduction by 
microbial processes dominates indicated by excessive H2S along the groundwater flow 
path rather than SO42- due to low rate of sulfate reduction to sulfate production from 
gypsum dissolution (Chapelle, 2001).  
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(a)
(b)
(c)
 
Figure 2-1: Biogeochemical cycles of Nutrients in the global system (a) Carbon, 
Hydrogen and Oxygen cycles; (b) Nitrogen cycle and (c) Iron cycle (Adapted from 
Chapelle, 2001). 
2.5. Microbial processes: 
In the presence of oxygen, nitrate, sulfate and iron, microbes oxidize organic 
compounds completely to CO2 to gain energy, while fermentative pathways of hydrogen 
oxidizers are used in the absence of electron acceptors to derive energy for microbial 
growth in anaerobic environment (Chapelle, 2001).  Detailed discussion of microbial 
reduction and oxidation of oxygen, hydrogen, sulfate, iron and nitrate  
2.5. 1. Oxidation: To support life microorganisms obtain energy in three ways; 1) 
Heterotrophy which is the use of organic compounds such as carbon in subsurface 
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environment as electron donors. 2). Photosynthesis used by aquatic and terrestrial 
subsurface microorganisms. 3). Chemolithotrophy which involves the use of reduced 
inorganic chemicals such as H2, H2S, Fe2+ or NH3 as electron donors in metabolisms. 
Most chemolithotrophs are not only capable of assimilating organic compounds but are 
also able to derive electrons from inorganic sources (Chapelle, 2001). 
 Hydrogen oxidizers are widely distributed in soils and subsurface water. 
Hydrogen, a product of anaerobic microbial fermentation supply energy for microbial 
growth at the interface of aerobic and anaerobic H2 and O2 oxidized to form water. 
 2H2 + O2  2H2O   (Chapelle, 2001) 
 Sulfide oxidizing bacteria, Thiobacillus that thrives in neutral pH uses reduced 
H2S compound as an energy source (Chapelle, 2001). Sulfide oxidation in sediments with 
sulfidic materials causes rapid pH decrease but the condition changes to reduction after 
saturation with increase in pH probably due to sulfate reduction limited by its abundance 
(Seybold et al., 2002). The reaction is in two steps: 
 2 H2S + O2  2H2O + 2S 
 2S + O2 + 2H2O  2H2SO4   (Chapelle, 2001) 
The source of energy for growth of Fe- oxidizing bacteria can be derived from the 
equation below: 
 4Fe2+ + 4H+ + O2  4Fe3+ + 2H2O   (Mitsch and Gosselink, 1993) 
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However due to low energy from this reaction, Fe-oxidizers need to convert large amount 
of Fe2+ to Fe3+ to obtain large energy for growth. Gallionella bacteria are the main Iron 
oxidizer which causes reddish brown coating and well clogging widely distributed in 
aquatic sediment environment with sulfide oxidizers Thiobacillus which also oxidizes 
iron (Chapelle, 2001). Roadcap et al (2006) reported microbial Fe2+ oxidation at low and 
neutral pH but limited knowledge of iron metabolism at pH greater than 8 where Fe2+ is 
insoluble. Alternatively Neubauer et al. (2005) suggested significance of direct O2 
advection into the soil to Radial Oxygen Loss (ROL) from the plant roots in regenerating 
Fe(III) oxides by Fe(II) reduction.  
 Nitrification is the process of ammonia oxidation in the presence of oxygen by 
nitrifying bacteria common in surface soil and aerobic groundwater than in deep 
subsurface environment by two different groups of bacteria in steps to nitrate.  
1) NH3  NO2- by Nitrosomonas  
    NH3 + O2 NO2- + 3H+ + 2e- 
2) NO2-  NO3- by Nitrobactor 
    NO2- + H2O  NO3- + 2H+ +2e- 
In subsurface flow constructed wetlands the consecutive nitrification-denitrification 
processes in oxic and anoxic zones with a source or sink of organic carbon load is a 
fundamental means of ammonium removal (Riley et al., 2005). Neubauer et al (2005) 
attributed undetectable levels of nitrate to combine nitrification and denitrification 
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processes because of H2S inhibition as observe in the upper layer of the wetland in this 
study as well.  
Aerobic oxidation when oxygen is the terminal electron acceptor for oxidation or 
decomposition tops the list and occurs instantly as shown in this equation. 
O2 + 4e- + 4H+  2H2O  (Mitsch and Gosselink, 1993) 
2.5.2. Reduction: Desulfovibrio are the essential sulfate reducers that get their organic 
compounds for metabolism from fermentative bacteria that thrive on organic acids and 
hydrogen substrates (Chapelle, 2001).  Neubauer et al (2005) suggested increased 
summer temperature with organic matter input from decomposing wetland plants as a 
favorable condition for sulfate reduction in the wetland, probably due to the presence of 
large population of sulfate reducers. 
 Fe(III) reduction by Geobacter metallireducens bacteria paired with organic 
matter oxidation will enhance high concentration of dissolved Fe(II) in the groundwater 
(Chapelle, 2001). The excess production of reduced Mn2+ and Fe2+ in the wetland soil can 
reach toxic concentration identifiable by its grey-green color in contrast to its oxidized 
form of reddish brown (Mitsch and Gosselink, 1993). 
 Nitrate reduction in groundwater takes place through denitrification process by 
reducing nitrate to ammonia or nitrite. Since nitrate reductase enzymes activities are 
inhibited by oxygen, nitrification can be avoided by keeping anaerobic environment that 
leads to the following reduction pathway; Nitrate  Nitrite  Nitrous oxide  Nitrogen 
gas (Chapelle, 2001).  
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 While oxygen is the most energetically favorable terminal electron acceptor used 
by microorganisms that oxidize organic carbon for metabolism (Chapelle, 2001), 
environments with high organic carbon content and increased rates of CO2 production 
and O2 consumption indicates the presence of microbial respiration (Lee et al., 2003).  
E.coli microbes are capable of both aerobic respiration and anaerobic fermentation under 
strictly oxygen depleted environment (Chapelle, 2001).     
2.5.3. Methanogenesis: The mutual symbiotic coexistence of respirative and 
fermentative microorganisms develops through CO2 and acetate reductions pathways. 
Fermentative bacteria use hydrogen or acetogen to degrade organic matter. The energy 
derived from fermentative pathway is shared by respirative microbes due to a high 
affinity for electron transfer between respirative electron acceptors and fermentative 
products (Chapelle, 2001).  In subsurface environments deficient in other inorganic 
electron acceptors only methanogenic microbes predominate due to their extremely low 
free energy (~ -31.5 kcal) unfavorable for thermodynamic reaction while in complete 
depletion of electron acceptors, methane is produced by either CO2 reduction or acetate 
oxidation as respirative process (Chapelle, 2001).  A higher rate of methane production in 
freshwater as compared to saltwater wetland is due to the presence of low sulfate amount 
in freshwater and sediments that get depleted faster before the start of methanogenesis 
(Neubauer et al., 2005; Chapelle, 2001). Methane production in freshwater wetland has 
been reported to be highest in spring while generally affected by temperature and 
hydroperiod (Mitsch and Gosselink, 1993).  
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2.6. Electron Donor and Acceptors: 
Typical electron donors in wetland include H2S, organic carbon, H2, and Fe2+ 
(Chapelle, 2001). In a near surface aquifer, atmospheric oxygen can diffuse into the 
system along with precipitate constituents such as nitrate, sulfate and solids enriching the 
system with reduced (H2, CH4, NH3 and metallic iron) and oxidized (O2, SO42-, NO3- and 
Fe2+) species as electron donors and electron acceptors respectively (Roadcap et al., 
2006).  
 
Figure 2-2: Redox potentials for electron acceptors (Wedemeier et al., EPA Report 
May 1997) 
 
Microorganisms compete for available nutrients in any environment. The 
microbes’ best adapted to the existing conditions flourish and prevail while those faced 
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with physiological characteristics less compatible are barred from the environment. 
Organic matter is decomposed by fermentative bacteria producing molecular hydrogen 
and organic acids as a metabolic by-product used by respirative bacteria such as nitrate, 
Fe(III), sulfate reducers and methanogens (Chapelle, 2001). Due to varied scale of 
hydrogen uptake efficiency, nitrate reducers capture most electrons after O2 depletion 
from the system, followed by Fe (III) reducers, sulfate reducers and lastly methanogens 
respectively shown in figure 2-2 and table 2-1. Roadcap et al., (2006) indicated Fe3+ 
reduction been more energetically favorable to Sulfate reduction in groundwater with pH 
less than 8, while in alkaline groundwater sulfate reduction overrides Fe3+ reduction.  
Plants are not only the major source of organic carbon in anoxic wetland soil but as well 
increases the abundance of NO3-, Fe3+, SO42- and other electron acceptors by O2 
introduction through their roots (Neubauer et al., 2005).  
  Aerobic metabolism dominates recharge area and once the system is separated 
from the surface environment, oxygen in the influent is fully utilized leading to aquifer 
(wetland zone) outpaced by sequence of terminal electron accepting processes varying 
from nitrate reduction to methanogenesis. Contaminant groundwater is electron donor 
rich and depletes the most efficient electron acceptors first causing TEAP zonation which 
is the basic property of redox processes in groundwater systems and wetlands aquatic 
sediments. Redox zonation is due to competition for hydrogen (electron donor) that limits 
microbial growth (Chapelle, 2001).  
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2.7. Redox Zonation 
In aquatic sediments and wetland soil, O2 concentration decreases with depth 
below the sediment water interface. As oxygen gets depleted at Eh of +320mV, nitrate 
reduction takes over. At complete anoxic condition Mn2+ (+220mV) and Fe2+ (+120mV) 
accumulates due to Mn(IV) and Fe(III) reduction respectively while sulfate reduction (-
150mV) is lastly followed by methanogenesis (-300mV) (Chapelle, 2001, Kadlec and 
Knight, 1996) (Table 2-1).  
Table 2-1: Redox potential standard free energy yield (Modified from Chapelle, 
2001a and Schlesinger, 1997b) at standard pH 7.0 and 25oC 
 
Oxidation/ Reduction Reaction Potential 
Standard-Free 
Energy (kJ per 
H2)a 
Characteristic 
Hydrogen 
Concentration 
(nM) a 
Eh(V)b ∆Gb 
O2 + 4H+ + 4e-  2H2O   +0.812 -29.9 
2NO3- + 6H+ + 6e-  N2 + 3H2O 224 0.01-0.05 +0.747 -28.4 
MnO2 + 4H+ 2e-  Mn2+ + 2H2O 163  0.1-0.3 +0.526 -23.3 
Fe(OH)3 + 3H+ + e-  Fe2+ + 3H2O 50 0.2-0.8 -0.047 -10.1 
SO42- + 10H+ + 8e-  H2S + 4H2O 38 1.0-4.0 -0.221 -5.9 
CO2 + 8H+ + 8e-  CH4 + 2H2O 34 5.0-15.0 -0.244 -5.6 
Where ∆G = -RT ln[K],  (Oxidized species),  (Reduced species), superscripts (a & b) 
are references 
In groundwater system, oxidation-reduction process can be deduced through 
concentration check of redox sensitive parameters such as O2, Mn2+, NO3-, Fe2+, SO42-, 
S2- and CH4 along with H2 concentration continuously recycled by microorganisms as a 
product of anaerobic microbial metabolism (Chapelle, 2001). 
 33
 
Figure 2-3: Sequential reduction of nutrient concentration in the wetland zones 
through space and time along the flow path following flooding, starting with oxygen 
depletion followed by nitrate and then sulfate. This is immediately followed by a rise 
(dotted line) in reduced manganese, iron, hydrogen sulfide and finally methane. 
Ammonium and phosphates increases while organic substrate decreases with time. 
This can also be interpreted as redox hierarchy with depth (Adapted from 
Wetlands: Mitsch and Gosselink, 1993).  
 
The most reliable way to identify redox zonation in the wetland just like aquifer is 
to consider the consumption of electron acceptors (O2, NO3- and SO42-) with production 
of reduced compounds (NO2-, Fe2+, Mn2+, H2S and CH4) and H2 concentration along the 
aquifer flow- path indicated by Figure 2-3. Thus hierarchal framework that could lead to 
Terminal Electron Accepting Process (TEAP) identification can be determined from 
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electron acceptor consumption, final product accumulation and H2 concentration trends in 
the analysis (Chapelle, 2001).  
2.8. Seasonal Effects on Wetlands 
2.8.1. Nutrient uptake and release:  Mitsch and Gosselink (2000) reported highest 
nutrient uptake from water column and sediment in the form of inorganic nitrogen and 
phosphorous during the growing season, due to high microbial activities and plants 
productivity. However, upon the death of macrophytes significant part of nutrient are 
taken back into the roots and rhizomes, while the rest is lost to the water through litter fall 
and leaching as a source of net export in early spring and fall. Winter temperatures 
suppress microbial activities in water columns and sediment layers decelerating the 
process of nutrient uptake while low nutrient retention in spring may be due to excessive 
runoff from the melting snow and relatively cool temperature that decreases retention of 
nutrients net export in the fall and early spring (Mitsch and Gosselink, 2000). Woulds and 
Ngwenya (2004) related high nutrient removal efficiency in the wetland to reduced flow 
rate and increased retention times in summer than winter which further supports 
Brinson’s (1993) claim of significant water quality improvement by long residence time 
in the wetland.  
 Mitsch and Gosselink (1993) indicated wetlands as nutrient sinks during summer 
and fall and nutrient sources in the spring, making it logical to treat waters for nutrient 
removal during summer and fall when the wetland is exporting nutrient. The pattern of 
seasonal nutrient retention in fresh water marshes depended on hydrological conditions, 
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sediment anaerobiosis, microbial activities and emergent macrophytes (Mitsch and 
Gosselink, 1993).   
2.8.2. Temperature:  Wetland effluent temperatures are more or less equivalent to the 
average daily air temperatures in the surrounding environment, which is a net balance 
between gained solar energy and energy losses through evaporation from the surface. In 
winter the ice, mulch and air gaps provide insulation that prevents freezing, thus the 
water temperature is determined by temperature losses upward through the insulating 
layers and downward by conduction (Kadlec and Knight, 1996). Stein and Hook (2005) 
attributed microbial growth rates and treatment processes rates decreases to wetland 
temperature drop in winter.  
2.8.3. Dissolve oxygen:  Oxygen diffusion from air to wetland has three established 
pathways of direct dissolution to the wetland surface water, convective transport through 
dead roots and stems and convective translocation through live leaves and stems (Kadlec 
and Knight, 1996). The concentration of dissolved oxygen (DO) in wetlands depends on 
temperature, dissolved salt and biological activities (Kadlec and Knight, 1996).  Kaseva’s 
study (2004) indicated that DO increases with decreasing temperatures in the wetland, 
which further supports Wiedemeier et al (1997) study that observed high solubility of DO 
in the cold water than in the warm water on the wetland surface. Due to temperature 
dependence and wetland biota consumption, less dissolved oxygen is expected in 
wetlands during summer than in winter. Low O2 concentration at night than day due to 
respiration in wetlands at night and high O2 level during daylight due to photosynthesis 
has been observed particularly during the growing season (Jackson and Myers, 2002).  
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2.8.4. pH:  Both natural and constructed wetlands operate at circumneutral pH 
throughout the season for inlets that are not highly acid or basic. However, wetlands with 
dense algal vegetation undergoes diurnal pH  variation, displaying higher pH during the 
day when photosynthesis is at peak and lower pH at night when algal respiration induces 
weak carbonic acid that leads to a drop in wetland pH (Kadlec and Knight, 1996). While 
wetlands with groundwater derived from limestone substrate tend to have pH increase 
from influent to effluent (Kaseva, 2004), Amon et al.(2002) insinuated low pH wetlands 
with groundwater sourced from low solubility materials such as granite or sandstone.  
Roadcap et al (2006) hinted lack of pH decrease in the system despite CO2 generated by 
plants and microbial activities to reaction with alkaline, that consumes produced acid 
from CO2 which is the case in WPAFB wetland with limestone gravel bed that 
maintained this wetland at circumneutral pH throughout the layers regardless of the 
changes in the seasons.  Campbell and Eagar (1997) further observed pH increase or 
decrease in water by biological reaction through plant uptake and microbial degradation 
on inorganic elements such as nitrate besides geology and soils. 
2.8.5. Vegetation:  Among the numerous functions of macrophytes in constructed 
wetland is to enhance proper physical filtration, prevent clogging in the vertical flow 
systems, insulates the system in winter from frost attack, create large surface area for 
microbial growth attachment, provide habitat for wildlife and aesthete wastewater 
treatment system ( Brix, 1997; Brix, 1994). Macrophytes increases aerobic degradation of 
organic matter and nitrification by oxygen transfer from the roots to the rhizosphere 
(Brix, 1994).  Figure 2-4 below illustrate oxidized rhizoshere and nitrogen transformation 
within few millimeters of plants root. Upon plant death, chemicals are cycled back into 
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the atmosphere or buried with undecomposed plant remains in the soil. Oxygen brought 
in through the roots oxidizes organic carbon into CO2 to be released through the root 
back into the atmosphere while oxidizing reduced compounds such as Fe2+ and Mn2+ in 
anaerobic zone as well by creation of aerobic microenvironment around the root. 
Similarly oxygen inlet through the root plays important role in nitrogen and methane 
removal through nitrification-denitrification and oxidation-reduction respectively (Kadlec 
and Knight, 1996).  
 
Figure 2-4: Influence of macrophytes roots in the wetland showing diffusion of 
gases, thin oxidized rhizosphere, and aerobic-anaerobic zones (Adapted from 
Kadlec and Knight, 1996) 
 
2.9. Wetlands Roles: sinks, sources and transformers 
It has been realized that wetlands have the potential for becoming carbon and 
nutrients source, sink or transformer (Mitsch and Gosselink; 1993), the property that can 
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be checked through chemical mass balance in the entire wetland to confirm the nutrient 
budget demonstrated in figure 2-5 below.  Wetland with a net retention of a specific 
nutrient where input exceeds the output is considered a sink while a source wetland is 
where the nutrient exported out of the wetland is more in the area down gradient from the 
wetland (Mitsch and Gosselink, 2000). Brinson (1993) indicated peatland as carbon 
dioxide sink and attributed lose of Nitrogen to atmospheric sink by nitrification-
denitrification processes while removal of accumulated phosphorous in the sediment only 
by burial.  A transformer wetland enhances the nutrient cycling through phase or form 
change while keeping the amount of nutrient in the wetland the same (Mitsch and 
Gosselink, 2000). Wetlands with low nutrient loading function as nutrient transformer 
rather than sink (Brinson, 1993).   
Williams (1990) defined Wetlands as lands with soils that are periodically 
inundated, where air, water, land and their fauna and flora meet giving rise to attractive 
but delicate ecosystems. Besides its major function of the removal of suspended 
sediments from water reducing its turbidity through time (Kadlec and Knight, 1996), 
Wetlands are considered to be the most ideal ecosystem for archeological studies due to 
several factors such as physical, biological, chemical, hydrological and social-economical 
benefits as well as interactions between physical processes and human activities that 
summarizes man action on the environment (Williams, 1990).  
Several factors enhancing the proper functioning of the wetland are temperature 
changes and the presence of vegetation which further influences oxidation in the roots, 
nutrient uptake and release as well as removing potentially harmful substances in the  
 39
 Source 
 Transformer 
 Sink 
Figure 2-5: Biogeochemical roles of wetlands as nutrient sources (more nutrient 
exported out of the wetland), sinks (more nutrient input) and transformers (nutrient 
input =output). The bold arrow ( ) indicates net retention of nutrient the direction 
of nutrient flow into or out of the wetlands while ( ) indicate the nutrient less 
retention direction. (Figures modified from Wetlands: book by Mitsch and 
Gosselink; 1993) 
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rhizosphere to enhance water quality (Brix, 1997; Stein and Hook, 2005). It is essential to 
consider plants types and species when designing to construct a wetland for waste water 
treatment processes as their physical and metabolic effects are important, besides their 
suitability for wildlife habitats (Brix, 1997) and several other important roles expressed in 
the table below; 
Table 2-2: Major functions of macrophytes in constructed treatment wetland 
 (Brix, 1997) 
 
Macrophyte property Role in treatment process 
Aerial plant tissue -Light attenuation –reduced growth of phytoplankton 
-Influence on microclimate-insulation during winter 
-Reduced wind velocity-reduced risk of resuspension 
-Aesthetic pleasing appearance of system 
-Storage of nutrients 
Plant tissue in water -Filtering effect-filter out large debris 
-Reduce current velocity-increase rate of sedimentation, 
reduces risk of resuspension 
-Provide surface area for attached biofilms 
-Excretion of photosynthetic oxygen-increases aerobic  
degradation 
-Uptake of nutrients 
Roots and Rhizomes in the 
sediment 
-Stabilizing the sediment surface-less erosion  
-Prevents the medium from clogging in vertical flow 
systems 
-Release of oxygen increase degradation (and nitrification) 
-Uptake of nutrients 
-Release of antibiotics 
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3. METHODS 
3.1. Site Description 
The site comprises of an active vertical flow constructed treatment wetland 
created over a PCE-contaminated aquifer in Area A of the Wright Patterson Air Force 
Base; near Dayton, Ohio. A pump house on site feeds the wetland with this contaminated 
water, pumped directly from the contaminated aquifer into the coarse limestone gravel 
layer at the wetland base. Three perforated PVC pipes buried in the nine inch deep gravel 
layer allows water to flow upwards onto the surface and empty into the weir. Figure 3-1 
is a wetland design intended for up flow at this study site. 
 
 
 
Figure 3-1: Vertical flow wetland Design at WPAFB (Entingh, 2001) 
 
In a desperate pursuit for a less costly and more effective method of treating groundwater 
contaminated with chlorinated hydrocarbons, two experimental wetland cells were 
constructed in 1999 and in 2000, at WPFAB. The aim was to study the natural 
attenuation effect on both wetlands, however, during the construction of the cell in 1999 
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it was discovered that a misnomer had developed, ruining the liner. Cell 1 (constructed in 
2000) was therefore the only one fit for the experiment, where samples were collected 
and analyzed in the study.  The site was considered appropriate for wetland construction 
and related studies because a PCE plume of low concentration amounting to 0.05mg/L in 
an aqueous phase from unknown point source area was detected and documented with 
Ohio Environmental Protection Agency in study site (Entingh 2001, Kovacic, 2003, 
Lach, 2004). 
In the summer of 2000, Air Force Institute of Technology (AFIT) in a 
collaborative effort with Wright State University academic community have commenced 
the study of constructed wetland ability in degrading chlorinated hydrocarbon by natural 
attenuation (Johnson, 2001; Kovacic, 2003). 
3.2. Construction Design: 
The wetland (120 ft x 60 ft x 6 ft deep) was constructed over a PCE contaminated 
aquifer. Impermeable geomembrane liners were used to cover the bottom and sides of the 
wetland to ensure no seepage of contaminated water back into the groundwater aquifer 
and to avoid a by-pass of contaminant that could empty to the weir from the side leakages 
into the ditches. Sixty-six nests of piezometers were installed throughout the wetland, 
each nest comprising three piezometers that infiltrate to a predetermined depth (9, 27, 45 
inch) of hydric soil layers as a sampling point. Figure 3-2 is a layout of peizometer 
location and vegetation diversity. 
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Figure 3-2: Piezometer locations and vegetation zones (Opperman, 2002) 
Contaminated groundwater from this aquifer is pumped into the bottom of the 
wetland through three parallel perforated PVC pipes installed nine inches into the coarse 
limestone gravel at the base of the wetland. A high pumping pressure from the pump 
house on site, permeable gravel layer and a liner restricting downward flow, all force the 
flow of water upward through 54’ sediment layers towards the surface. Once on the 
surface, decontaminated water flows into the ditches and finally to the weir at the end of 
the wetland, which empties to the city sanitary system.  
3.3. Wetland Zonation: 
Two main zoning techniques have been used in the constructed wetland at 
WPAFB. 1) Plant zonation that symbolizes areas with the same plant species. Despite yet 
to be studied effect of floral classification at this site regarding nutrients and contaminant 
degradation, 14 different plant zones exist. The effect of this study will be more 
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noticeable in the upper most layer of the wetland with highest influence of the rhizomes 
(Lach, 2004, Blalock, 2003). 2) Vertical zonation which describes the vertical distance 
between the nested piezometers that penetrates to the middle of the layers where samples 
are collected. This zonation is the crux of this study as samples collected were analyzed 
to investigate redox condition taking place in these zones. Thickness of the study zone is 
determined by the depth of the wetland soil used as expressed in figure 3-3 below 
indicating the depth from which samples are collected. 
 
Figure 3-3: Peizometers & screened intervals at the middle of each stratum and 
wetland vertical zonation (Kovacic, 2003) 
In the case of the WPAFB constructed vertical flow wetland, four distinct redox 
zones exist, despite the fact that only three were sampled. At the base of the wetland, the 
distance between the coarse limestone gravel layer and the lower layer (54-inch) depth is 
zone 4. Zone 3 is the interval between middle and lower layer (27’-54’ inch). The vertical 
interval between upper and middle layer (18-27 inch) comprises zone 2, while zone 1 is 
anything above upper layer at least 9 inch and less, of which the data is not available in 
this and previous studies. Thus the sampling zones are 9, 27, 45 inches. 
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3.4. Wetland Soil Profile: 
Wetland soil imported from a drained wetland area on WPAFB was used for this 
wetland construction (Clemmer, 2003). At the bottom, just above geo-membrane liner is 
a nine inch layer of coarse limestone gravel that permits easy passage of water into the 
18-inch lower layer above it. As it’s referred to in this study, the lower layer, composed 
of 90% wetland soil blended with 10% woodchips to give it a high initial organic carbon 
concentration, is lightly compacted above the gravel layer. Both the middle and upper 
layers are equally 18-inch in thickness and composed of purely hydric soils with a higher 
influence of wetland plants roots. The three hydric soil layers, a total of 54 inches, are 
compacted on the gravel layer.  The gravel layer inbuilt with PVC perforated pipes is 
expected to pump the water through the 54 inch layers in upward motion towards the 
surface. The systematic movement of contaminated water through the layers with 
different characteristic microbial activities and redox conditions is expected to induce a 
chemical change that degrades nutrients and contaminants alike. Figure 3-4 is the wetland 
soil profile with a uniform thickness of 18 inches. 
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Figure 3-4: WPAFB Wetland soil profile (Clemmer, 2003) 
3.5. Sampling and Analysis Approach Overview 
The sampling procedures were carried out in accordance with the previous study 
made by several students for the entire sampling period from June 2005 to June 2006. 
Water samples were collected on monthly basis from 33 nested piezometers, influent and 
effluent. On site field measurements for DO, pH, conductivity and temperature were 
taken prior to sample collection for laboratory analysis. Three sets of water samples were 
collected from upper, middle and lower layers of the nested piezometers for major cations 
and anions, total dissolved iron and carbonate analysis. Each set of these samples were 
analyzed within 12-24 hrs of collection time using ion chromatography (IC), and 
spectrophotometer and alkalinity titration method respectively to determine ion 
concentrations in the samples. 
 47
In order to analyze the samples within 24 hrs of collection, these 33 nested 
piezometers were divided into three sets so that in a particular day 11 nested piezometers 
were sampled and analyzed. This was done to reduce the sample shelf-life and minimize 
degradation (anion) and precipitation of total dissolved iron. 
Charge balance was calculated for every month of data collection and analysis to 
check the percentage error and establish nutrient budget in the wetlands sampling layers. 
3.6. Sampling procedures 
3.6.1. Pre-sampling (Purging). Prior to any sampling, all piezometers were purged 
within 12-18 hours to remove stagnant water and allow adequate fresh recharge volume 
from the respective depth that represents the ion contents of the samples, with minimal 
exposure to open air. This was done by lowering the open end of the Teflon tube into the 
screened interval of each piezometer, while the other end of the tube was connected to a 
60 milliliter polypropylene (pp) syringe for sample extraction. Three- way valve 
controlled the movement of water between the syringe and the Teflon tube. The 
piezometers were cupped back and left to recharge before sample collection. 
3.6.2. Field sampling. Samples were collected from the field in two folds, first for onsite 
analysis of temperature, pH and conductivity followed by samples for lab analysis of 
cations, anions, ferrous iron and alkalinity using the same procedure.  Three sets of 60ML 
polypropylene (pp) syringes labeled (Upper (U), Middle (M), and Lower (L)  and three-
way control valve attached to Teflon tube were lowered into the piezometers and samples 
withdrawn after recharge from the piezometer is attained.  Samples were emptied into 
well labeled four 60 millimeter clean graduated plastic containers each filled up to 
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~15mL ready for onsite analysis.  Proper labeling of syringes, bottles and containers were 
necessary to avoid sample contamination and mixing upon collection.   Upon completion 
of field data collection, another round of sample collection for laboratory analysis began. 
This was seen appropriate though slightly different from the previous procedures used in 
the field by Jason, 2004 and others, because more sample volume was required for 
laboratory analysis thus requiring more time for the piezometers to recharge, with 
minimal time difference between field and laboratory data collection from the same 
point.  
The 60mL syringe was filled with the water sample and gently emptied into three 
different bottles. The first 15.7mL of the sample was for Gas and Ion Chromatography 
emptied gently into a 15.7mL glass vial immediately sealed with butyl rubber stopper and 
aluminum crimp without any headspace. The second portion of 10mL sample was 
transferred into a 10mL glass vial with no headspace using a Teflon (PTFE) lined screw 
top cap for dissolved total iron analysis. The third portion of the water sample was 
carefully expelled into 35mL glass vial using Teflon (PTFE) lined screw top cap without 
any headspace where 30mL sample was used for alkalinity titration and the rest 
discarded. In all these cases sealed sample vials were correctly labeled and immediately 
transferred into a cooler filled with ice for storage before reaching the laboratory where 
the samples were refrigerated before analysis. Minimum dilution and sample corruption 
was maintained by flushing the syringe and the Tephlon tube with a relatively small 
volume of sample from the piezometer and discarded before each sample was collected. 
This procedure was applied to all the wetland samples collected for ion analysis. 
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While in the lab 6mL of sample was withdrawn from the 15.7mL sample full 
glass vial to be replaced by nitrogen gas and used for Gas Chromatography (GC) 
analysis, of the 6mL sample, 2mL was used for IC analysis, 1mL for anion and 1mL for 
cation and the remaining 4mL discarded. 
 
3.7. Analytical Procedures 
3.7.1. Field analysis: This particular analysis is also called onsite analysis which 
basically determined the pH, DO, temperature and conductivity of the samples in the 
field using handheld Denver Instrument (AP10), YSI (550A) and Thermal /Orion (model-
115) meters respectively. The measurements were taken immediately to minimize 
atmospheric interaction with the sample that could change any of these parameters. 
 These tests were all accomplished simultaneously. Because there were two 
people, one person organized the table in the pump house with three plastic vials for each 
parameter and a note book for recording, while the other person collected the samples in 
a syringe from the piezometers and emptied them to the vials. The 60mL sample 
collected was distributed into three plastic vials and readings from temperature, pH and 
conductivity were recorded in the note book immediately after the reading stabilized. 
Because conductivity and DO meters also have temperature sensors, temperatures on 
(550A YSI) DO meter were used for consistency.  This was because the temperatures on 
the two instruments sometimes differed slightly. The error in temperature (oC) reading 
caused by interaction with the atmosphere was reduced by immediately recording the 
results. The DO reading was found to be most challenging in the field because it was 
difficult to stabilize. The DO readings decreased rapidly initially and then continued to 
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decrease at a much slower rate without stabilizing. This drop could be the result of probe 
interaction with the small sample volume (Abinash Agrawal personal communication). 
The YSI 550A probe as indicated by Jason 2004 absorbs dissolved oxygen while 
measuring and was particularly designed for large open water measurement of dissolved 
oxygen. The slow steady decline was probably due to the probe withdrawal of DO from 
the sample which is erroneous. 
 The second vial was used for pH to be recorded immediately when the instrument 
read ‘ready’. The third vial was used to measure conductivity readings in (uS/cm). The 
instrument read ‘steady’ when the reading stabilized, which was then recorded in the note 
book immediately. 
3.8. Laboratory Analysis  
3.8.1. Standard Preparations: All standards used for IC analysis were prepared from 
stock solutions of 1000ppm directly ordered from the manufacturer. The stock solution 
was then diluted to a much lower concentration of interest based on expected range of ion 
concentration in the wetland samples for each individual ion of interest. These standards 
were used for obtaining calibration curves. 
A calculated volume of stock solution with known concentration was added to de-ionized 
water to bring the final volume to a desired value to create a standard solution of a known 
concentration. The ranges of concentration used in the entire analysis can be found in 
tables 3-1 and 3-2. 
  C1V1 = C2V2 
  V1 = (C2V2)/C1    
Where  
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V1 =Volume of the stock solution 
C1 =Concentration of the stock solution 
C2 =Concentration of the diluted solution (Standard concentration)  
V2 = Volume of the diluted solution (Standard volume) 
3.8.2. Laboratory Sample Preparation: Sample preparation was done in the lab 
immediately after returning from the field. Upon arrival from the field all the samples 
were transferred from the cooler to the refrigerator in the lab. These were the individually 
collected samples for Alkalinity, and spectrophotometer analysis. Cation and anion 
samples collected in the field with GC samples were prepared immediately. From the 
15.7mL vial, 6mL of samples were withdrawn using 10mL syringes and needle. 2mL out 
of the 6mL were used for IC. 1mL from each sample was then emptied into duplicate 
vials already labeled for cation and anion while creating headspace for the GC analysis. 
These samples were centrifuged for 15 minutes before they were emptied into 0.5mL 
polyvials with 0.25um filtered cap to ensure that the samples were clear from any particle 
suspension before loading them into the autosampler for IC analysis. 
3.8.3. Anions Analysis: Concentrations of nitrate, nitrite, sulfate and chloride were 
determined by Dionex Ion chromatograph for the samples collected from constructed 
wetland at Wright Patterson Air Force Base within few hours of sample collection due to 
their short shelf-life. About 1mL of the sample was emptied into 0.5mL well labeled  vial 
and placed into the autosampler tray in a predetermined order of upper, middle and lower 
layer piezometer as already programmed into the computer.. To determine the identity 
and concentration of samples, the peak area and the retention times were compared with 
known standard concentrations and retention times previously analyzed. Before field 
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samples were analyzed, a complete set of standards composed of all anions in table 3-1 
were analyzed to verify sample validity, instrument functionality and accuracy check. 
Once the standards calibration were reliable then the samples were ready for analysis 
with a couple of rinsing and blank runs (DI water) to ensure proper flushing of the 
instrument to avoid carry over from the standards to the samples. In order to minimize 
sample exposure to room temperature, about 15 samples were placed in autosampler at a 
particular time while the rest were kept in the refrigerator. Anion run-time (analysis time) 
was deliberately programmed at 9 minutes despite the last peak appearing at 5.30 minutes 
to allow complete flushing of the previous sample out of the system before injecting the 
next sample. Several unknown peaks were seen in the sample analysis though no effort 
was spent to identify them. The main concern was the four elements listed in table 3-1 
below showing anions of interest, retention time and concentration of standards used for 
calibration curve. Using the slope of the standard calibration curve run at the beginning 
of each sample analysis, unknown ion concentrations in the samples were calculated from 
the equation of a straight line ( y=mx). 
Table 3-1: Anions standards and retention times on IC 
 
Name (Analyte) Retention time (minutes) Standards (mg/L) 
Chloride 2.90 5.0, 20.0 50.0 
Nitrite 3.35 5.0, 20.0 50.0 
Sulfate 3.83 5.0, 20.0 50.0 
Nitrate  5.35 5.0, 20.0 50.0 
 
 
3.8.4. Cation Analysis: Major cations analyzed in the collected wetland samples by the 
IC were sodium, calcium, potassium, magnesium and ammonium.  Prior to running 
cation standards, the eluent generator, columns and suppressor were switched and other 
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specifications adjusted accordingly from anion to cation mode specifications as described 
in the appendix sections A-1 and A-3.  0.5mL samples in polyvials capped with filters 
were run after the standards in the exact order of the anions. The slope derived from the 
standard calibration curve was then used to convert the peak area under the curve for 
individual cation to concentration automatically using the formula in excel. The 
spreadsheet has a column for individual sample number, retention time, peak area and 
concentration in both mg/L and mM for each cation identified in the sample. The format 
was made in such a way that it corresponds with that of the anion spreadsheet for easy 
comparison. The total run-time for each analysis was 18 minutes. The remaining 4-5 
minutes were intended for flushing the instrument to minimize next sample corruption 
from the remnants of previous run. 
 
Table 3-2: Cation standards of interests and their specific retention times 
 
Name (Analyte) Retention time (minutes) Standards (mg/L) 
Sodium  4.02 3.0, 10.0, 30.0 
Ammonium  4.35 3.0, 10.0, 30.0 
Potassium  4.83 3.0, 10.0, 30.0 
Magnesium 13.00 3.0, 10.0, 30.0 
Calcium 14.00 3.0, 10.0, 30.0 
 
 
 In both anions and cations analysis, 1mL volume of the samples were emptied 
into the 0.5mL polyvial with filter caps after centrifuging to ensure cleanness of the 
samples from any suspended particles. The vials were well labeled and loaded into the 
autosampler in sequential order as created in the computer file to avoid mislabeling. 
Precautions were taken before the beginning of analysis to ensure the IC was in good 
operational conditions. These included checking the pressure, eluent generators, 
 54
stabilized background conductivity readings as well as having good calibration standard 
curves for reliable results. 
3.8.5. Alkalinity Titration: Titration was done to determine carbonate concentration in 
the wetland samples. The proceeding for this procedure was similar to that performed by 
Jason 2004. 30mL of sample was neutralized with 0.02N Hydrochloric acid from the 
burette carefully in steps. The change in pH was recorded as acid added from the burette 
while stirring the beaker with the handheld pH meter (Denver Instrument). The volume of 
acid added to sample was reduced in quantity while approaching the buffering point 
which was considered to be 3.5 reading on the pH meter. Depending on the layer where 
the sample was drawn from, the initial acid volume titrated varied from 8mL at the 
middle layer and upper layer to 5mL for the lower layer in many cases. The sample was 
discarded when the pH meter read below 3.5.  The amount of acid used and the 
corresponding pH values were recorded and later entered into the excel computer 
program that calculates carbonate in mM concentration, pH, bicarbonate and alkalinity.  
3.8.6. Dissolved Total Iron Analysis: Total dissolved iron concentrations in the wetland 
samples were analyzed by DU 800 spectrophotometer at a specific wavelength of 
510.00nm.  Standards of 0.1, 0.5, 1.0, 2.0, and 3.0mg/L were prepared from 1000 PPM 
concentration of stock solution purchased from the commercial vendors and used to 
generate standard calibration curve. The slope from this curve was then used to calculated 
the unknown concentrations of dissolved iron in the wetland samples as previously 
discussed in other methods, except that instead of peak area this method gives absorbance 
(ABS).  
 55
 The samples collected from the wetlands had different total dissolved iron 
concentrations depending on the depth from which they were collected. Because of this, 
the samples from the lower layer were observed to have the least amount of dissolved 
iron thus dilution was not necessary. However, the middle layer was observed to have 
extremely high concentration in which dilution to 20 times was found necessary.  The 
upper layer was diluted to 10 times to avoid exceeding detection limit. 
Lower Layer: The samples were collected in 35mL glass vials with screw caps without 
headspace and stored in the cooler while in the field and transferred to the refrigerator 
upon arrival in the lab. While in the lab, 10mL of clear (no particle suspension) samples 
were transferred into 17mL bottle. A pillow (pouch) of ferrover (iron reagent) was 
carefully added to 10mL filtered sample and shaken vigorously to ensure the powder 
dissolved completely. A range of colors was observed, from no change to dark red 
through light yellow depending on the dissolved iron content in the sample. The samples 
were then transferred into 1.5mL cuvette and loaded carefully into the sample holder (in 
the right position) for spectrophotometer analysis at the specified 510.0nm wavelength 
setting. The sample holder was closed and the ‘READ’ button clicked on the screen to 
obtain the ABS readings. The data was exported in a format that was accessible in 
Microsoft excel format using a diskette.  
The dilution factor for this layer was 1.0 since the sample was not diluted thus 
concentration was calculated without any dilution  
Middle Layer: The same procedure described above for sample collection and analyses 
was applied.  Using a 1.25mL glass syringe and 0.2um filter, 0.5mL of the filtered sample 
was accurately measured into a 17mL glass bottle. Then 9.5mL of DI was added carefully 
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using 10mL glass syringe. A pillow (pouch) of (for 10mL sample) ferrover Fe reagent 
was carefully emptied into the 17mL bottle with DI and sample to observe the coloration 
while ensuring the pillow dissolution. 1.5mL of the sample was loaded into the 
spectrophotometer for Fe analysis as described above. 
Upper layer: Upper layer was analyzed the same way as above except that the dilution 
factor was different. 1mL of filtered sample was added to 9mL of DI water using glass 
syringes of 1.25mL and 10mL respectively. 1.5mL mixture of DI and sample with 
dissolved pillow was then analyzed in spectrophotometer for dissolved total iron in 
1.5mL cuvette. 
3.9. Sampling Schedule 
The entire sampling period and analysis history for individual elements are 
documented in the order they are carried out by dates of sample collection rather than 
analysis. This is because in some cases analysis could not be done on the same date 
samples are collected. It is necessary to note that before August of 2005 samples were 
collected from the individual layers (U, M, L) on different dates until, the method was 
changed into collecting the samples from the nest of the three layers (A, B, C) for better 
representation of the data collected under the same physical, biological and chemical 
conditions at specific period of time in the wetlands. Table 3-3 show sampling date and 
analysis 
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Table 3-3: Sampling Schedule 
 
Date 
sampled    
 
Field 
analysis  
Anion  Cations  Titration Dissolved 
iron 
Piezometers 
sampled 
05/26/05 x     U & M 
05/31/05 x     L 
06/16/05 x x x x  L 
06/24/05 x x x x  U, M 
07/25/05 x x x x x L 
07/28/05 x x x x x M 
07/29/05 x x x x x U 
08/25/05 x x x x  A 
08/31/05 x x x x  B 
09/08/05 x x x x  C 
09/21/05 x x x x  A 
09/28/05 x x x x  B 
09/16/05     x A, B & C 
11/30/05 x x x x  A 
01/24/06  x x x  A, B & C 
03/05/06 x x x x  C 
03/23/06 x x x x  A & B 
04/12/06  x x x  C 
04/28/06  x x x  A 
05/21/06 x x x x  C 
06/12/06 x     A & C 
06/27/06  x x x  A & C 
06/28/06  x x x  B 
 
 
Key: x= sample analyzed 
 
Event A= 2, 11, 16, 19, 28, 33, 42, 43, 52, 55 and 66, 
Event B= 4, 9, 18, 23, 30, 31, 38, 47, 54, 57 and 62, 
Event C= 6, 7, 14, 21, 26, 35, 40, 45, 50, 59 and 64,  
U=upper layer (9”), M=middle layer (27”), L=lower layer (45” depth)  
Field analysis=pH, conductivity and temperature 
Anions=Nitrate, sulfate, nitrite and chloride  
Cations=Sodium, potassium, ammonium, magnesium and calcium 
Titration= Alkalinity, carbonate, bicarbonate and total carbon 
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4. RESULTS AND DISCUSSION 
4.1. Field Measurements 
4.1.1. Temperature: Depending on the time of the year sampled, subsurface ground water 
temperature varied in the wetland layers. In winter, a relatively high influent temperature 
continuously decreases in the soil layers towards the effluent (surface- approximately 
equal to the surrounding air temperature), while in warm months a relatively low influent 
temperature increases towards the surface (effluent). Ambient groundwater temperatures 
measured at the influent fluctuated based on seasonal variations from December (11.5◦C), 
March (15.3◦C), May and June (18.2◦C) and a mean temperature of (20.4◦C) in July, 
August and September. These make annual seasonal variation in influent groundwater 
temperature range from 11.5◦C to 20.4◦C (a difference of 8.9◦C).  
Temperature variation in the wetland soil layers with depth likewise depended on 
the season. During winter (December) and late winter/early spring (March) the 
temperature decreased from influent to lower layer (LL) through the middle layer (ML) 
and to the upper layer (UL). However an opposite reflection of temperature changes in 
the layers was noted in the warm months, where depth dependent temperatures increase 
from the influent towards the surface in the sampling soil layers. Thus the rate at which 
the temperature in the wetland soil layers fluctuates has a direct influence on the rate at 
which biogeochemical activities vary seasonally at these depths in particular and in 
wetlands in general inferred from the low concentrations of ions in winter and relatively 
high in summer and spring. The sequence in the wetland temperature variation with depth 
and season shown in figure 4-1 may have influenced a maximum floral growth and 
microbial activities in the warm months and dormancy phase in winter.  
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Figure 4-1: Average monthly temperature variations with depth (A)  
and season (B& C) 
 
0.0
4.0
8.0
12.0
16.0
20.0
24.0
28.0
Ju
l  (
05
)
Au
g (
05
)
Se
p (
05
)
De
c (
05
)
Ma
y (
06
)
Ju
n (
06
)
Time (Months)
Te
m
pe
ra
tu
re
UL
ML
LL
IN
 
0.0
4.0
8.0
12.0
16.0
20.0
24.0
28.0
Ju
l  (
05
)
Au
g (
05
)
Se
p (
05
)
De
c (
05
)
Ma
y (
06
)
Ju
n (
06
)
Time (Months)
Te
m
pe
ra
tu
re
IN
EF
 
0
18
36
54
0 4 8 12 16 20 24
[Temperature] oC
D
ep
th
 (i
n)
June (2005) July (2005)
Aug (2005) Sept (2005)
Dec (2005) Mar (2006)
May (2006) June (2006)
A 
B 
C 
 60
 The surface water temperature in the wetland varied from 4.2◦C and 25.6◦C 
between December 2005 and June 2006 respectively an increase of 21.4◦C. Surface 
temperature sequence corresponding to the seasonal fragmentation (Figure 4.1C) is in the 
order of June (25.6◦C), July (24.0◦C), August (23.7◦C), September (23.5◦C), May 
(22.3◦C), March (10.98◦C) and December (4.2◦C). 
The higher surface water temperature in June may be due to the maximum 
exposure to the solar radiation as the wetland macrophytes are not well developed to 
provide enough shade from direct sunlight. However as plant growth reaches utmost 
height while the air temperatures soars to the maximum, wetland surface temperatures 
decreases from June through September probably due to the overwhelmingly overgrown 
vegetations that provides maximum cooling effects from the shades it provides while the 
solar energy is reflected back by plant leaves. An increase in surface temperature in May 
correspond to the medium temperature in early summer while in March its relatively 
higher than in the upper layers indicating early spring warm up. December typically 
shows freezing surface temperatures that increases with depth in the wetland soil layers.  
In summary, the ranges in wetland temperatures through the seasons varied less in 
the ambient ground water influent (9.8◦C) followed by LL (16.94◦C) ML (17.87◦C) UL 
(18.03◦C) and highest of 21.4◦C at the effluent. 
 
4.1.2. Conductivity: Conductivity is a measure of total dissolved inorganic ion 
concentration in the wetland water column where the variation in these ions concentration 
designates system interference by nutrient input or uptake measured in the field by 
handheld Thermal/Orion (model-115) conductivity meter.   
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Figure 4-2: Average monthly conductivity variations with depth 
 
 
In the beginning of this research (June 2005) wetland conductivity varied with 
depth and season consistently with a specific trend. In December and the rest of 2006, 
conductivity readings were much lower than in the previous year data for the same 
months. This could mean a faulty condition in the conductivity meter which might have 
resulted from lack of frequent calibration. However a common trend noted in this wetland 
is a rise in middle layer (ML) conductivity. Low conductivity ambient influent 
groundwater flows through the limestone bedded gravel layer into the organic rich soil in 
the lower layer (LL) as the flow proceeds into the ML a rise in conductivity is prominent 
with a slight reduction in the UL and further decrease in conductivity on the surface 
effluent shown in figure 4-2 with monthly averages for the entire sampling events. This 
observation is concurrent with low pH in the influent groundwater and high temperatures 
in the summer months where slight dissolution in limestone gravel may have enhanced 
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more detectable ions in the upflow sampling column. As water reaches the middle and 
upper layers more dissolved ions are supplied by the organic rich soils in these layers. On 
the wetland surface and upper layer conductivity decreases probably as water loaded with 
dissolved ions is exposed to oxygen that may have lead to the precipitation of oxidized 
ions such as iron and manganese beyond detection limit. Like-wise there is also a 
possibility of dissolved iron reduction in the upper layer by the plant uptake or root 
oxygenation and microbial activities at the time when both are fully operational. The 
specifically high conductivity in the middle layer in this wetland may be explained by 
high Fe2+ concentration in this layer observed in the July and September data collected 
shown in Figure 4-21.  
4.1.3. pH: WPAFB wetland pH varies between 6.76 and 7.44 which is a typical wetland 
pH that can support most microbial activities, plant growth and faunal inhabitants. 
However, the pH variation in the sampling zone did not reveal a conclusive trend of 
change with depth despite a slight variation in the influent that recorded a higher pH 
value in the December. Otherwise in the warm condition influent pH was lower as 
compared to the sampling depths. This could be an indication of the absence of extreme 
conditions of acidity and alkalinity in this wetland as well as a sign of working 
remediation process of what may be a non- threatening contamination in the wetland fed 
by contaminated aquifer. 
The field pH of the influent ground water varied significantly over the sampling 
period with a range of 0.68 pH unit (6.76 and 7.44). Despite the absence of consistent 
specific trend of pH variation with seasons, December data indicates the highest pH in 
ambient groundwater influent with significant decrease through the middle and lower 
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layers and an increase in the upper layer. The freezing temperatures in winter may have 
lead to a dormant phase in plant growth and microbial activities thus reduced respiration 
rates in the wetland layers driving the pH high. However in March where the lowest pH 
in both influent and upper layers were recorded over the entire sampling period, pH 
increased significantly between the influent and LL followed by a consistent decrease in 
the soil layers towards the surface. This may have been as a result of early spring 
warming when the microbes and plants emerge out of the dormancy phase, leading to 
high nutrient consumption rates for the little available resources which may have resulted 
in the higher respiration rates in the soil layers hence more CO2 production driving the 
pH low. Late June, July, August and September data indicate low pH in the LL and a 
slight increase in the ML. This corresponds with the time when plants roots are well 
developed to be able to penetrate deep into the LL unlike March, May and early June 
which shows a further decrease in the ML with dense roots in UL and ML thus more 
biogeochemical activities in these zones enhancing respiration that may have led to pH 
decrease.  
Considering average annual pH variation in the entire wetland, a low pH of (7.02) 
ambient ground water influent was noted. As the influent water flows through the gravel 
layer (GL) the pH increase to (7.22) at the LL, probably due to the dissolution of 
limestone which then decreases through the ML and UL (7.13) with a further decrease at 
the surface effluent (7.08). The pH decrease in the soil layers particularly during the peak 
growth summer months is an indication of greater rhizosphere influences corresponding 
to the depth at which pH decreases mainly because of biogeochemical activities in this 
layers enhancing pH reduction in these zones while respiring. 
 64
 
6.00
6.50
7.00
7.50
8.00
Ju
l  (
05
)
Au
g 
(05
)
Se
p 
(05
)
De
c (
05
)
Ma
y (
06
)
Ju
n (
06
)
Time (Months)
pH
UL
ML
LL
IN
 
6.00
6.50
7.00
7.50
8.00
Ju
l  (
05
)
Au
g (
05
)
Se
p (
05
)
De
c (
05
)
Ma
y (
06
)
Ju
n (
06
)
Time (Months)
pH
IN
EF
 
 
Figure 4-3: Average monthly pH variations with depth (A) and season (B &C) 
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However, an increase in the pH between the gravel layer and LL during warm seasons 
may be as a result of carbonate dissolution by slightly more acidic influent ground water 
shown in figure 4-3. Despite all the pH variations seasonally in the influent, vertical soil 
layers and effluent surface, the annual average pH of the wetland is near neutral (7.12 
units).  
4.1.4. Dissolve oxygen (DO): A major limitation of this research was obtaining a reliable 
DO readings from Yellow Spring Instrument (YSI 550A) meter, several data collected in 
June, July, August and September of 2005 were discarded  due to unreliability. The data 
presented in figure 4-4 was collected in December 2005 using two available methods 
simultaneously as a check for data reliability. Both methods demonstrate an increase of 
DO from the influent through the wetland lower layers but no consistency in the middle 
and upper layers even though a uniform increase on the surface (effluent) is synchronized 
in both methods. This may support the view that during winter DO dissolution is highest 
in the surface water and low in summer months.  Natural variation in DO concentration is 
caused by O2 produced during photosynthesis and relative consumption during 
respiration and decomposition in the wetland soil layers and piezometer water column. 
Increased temperatures or excess nutrients may result in higher plant and algal growth 
causing DO level to increase as a result of photosynthesis while decomposition of the 
algae and sedimentation in the wetlands results in DO decline due to excess CO2 
production by respiration and blocked sunlight penetration. 
Oxygen solubility highest in fresh and cold water wetland is vital for its inhabitant’s 
existence as well as an indication of a healthy wetland system that can support the aquatic 
life in a non threatening environment.   
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Figure 4-4: Average December DO variation with depth measured by YSI (550A) 
and CHEMKITS. 
 
4.2. Laboratory Analysis 
Alkalinity Data Interpretation 
While performing alkalinity titration, initial pH, alkalinity, bicarbonate (H CO3-), 
carbonate (CO32-) and total carbon were calculated using excel in-built formula.  .  
Initial pH and Carbonate 
Initial pH is the H+ concentration of the collected samples measured in the lab 
right before alkalinity titration begins which is then compared to the field measured pH. 
The general pH average of the wetland obtained from both measurements throughout the 
year indicates a circumneutral pH value of 7.02 units.  
Three distinctive pH ranges have emerged depending on the seasonal variation; 1) 
cold winter (December and January) with general pH decrease in the lower layer and 
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further decrease in the ML. 2) moderate temperatures (April, May, June) that shows a pH 
decrease in lower layer (LL) and middle layer (ML) with an increase in the upper layer 
(UL).  3) Summer temperatures (July, August and September), despite a widely varied 
ambient influent pHs, a dramatic shift from the previous seasons is outstanding. The pH 
increased in the LL followed by a decrease in the ML and a rise again in the UL forming 
a pH sigmoid (S-shaped) curve. These results were consistent with the carbonate data in 
figure 4-6 which varied in the same manner as the pH monthly averages in figure 4-5 
except for extremely high influent carbonate average in the January while maintaining the 
previous trend. This direct proportionality between pH and CO32- formation in the 
wetland may be an indication of CO2 production by plants through respiration in the ML 
in which regardless of the season a drop in pH and CO32- has been realized. However, an 
increase in the LL during the summer months may be as a result of the limestone 
dissolution in the gravel layer when in contact with warm relatively low pH influent 
groundwater that enhanced a pH increase. This relatively high pH was reduced upon 
encountering the fully developed rhizosphere zone in the ML active with respiration from 
plants and microbial activities. A slight increase in both pH and CO32- upper layer (UL) 
suggest nominal plant activities in this layer, which could mean either hindering by cold 
temperatures in winter or less well developed rhizosphere in the summer. 
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Figure 4-5: Average monthly initial pH variations with depth 
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Figure 4-6: Average monthly CO32- variations with depth 
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Figure 4-7: Average monthly alkalinity variations with depth 
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Figure 4-8: Average monthly HCO3- variations with depth 
 
 
The ambient groundwater alkalinity and bicarbonates undergoes a slight decrease 
(0.15mM) in the LL which closely corresponds to an increase in the field pH particularly 
during the warm months. Bicarbonate and alkalinity are the same at the pH range of 6-8 
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which typically describes the pH of WPAFB wetland with annual mean of 7.02 pH unit. 
As water moves up into next layer (ML), an enormous increase (2.45mM) prevalent to 
both  alkalinity/bicarbonate exist, which then decreases by (0.20mM) in the UL for both 
alkalinity and bicarbonate. The change is a mirror reflection of the pH data forming a 
‘zigmoidal’ curve (Z-shaped), which strongly indicates indirect proportionality of pH 
decrease due to rhizosphere respiration especially in the ML during summer which may 
have induced a magnificent increase in alkalinity/bicarbonate.  
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Figure 4-9: Average Monthly total carbon (CT) variations with depth 
 
Analysis result from total carbon (CT) shows a similar trend to 
alkalinity/bicarbonate data with the exception of displaying a distinct seasonal variation. 
During winter months (December and January) the CT was the highest in the LL and ML 
as follows INF-9.68, LL-9.15, ML-13.99 and INF-11.48, LL-9.57, ML-12.88mM) in 
December and January respectively while the rest of the warm months had a mean 
average of (INF-6.04, LL-6.34, ML-9.38 and UL-9.31mM) indicated by monthly 
averages in figure 4-9 above. 
 71
4.3. WPAFB Wetland pH Summary: 
WPAFB wetland is neither alkaline nor acidic but rather a circumneutral pH 
wetland. The annual pH varies between 6.74 and 7.44 with a single average value of 7.02. 
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Figure 4-10: A comparison of WPAFB pH. (A) Initial pH is obtained from the 
samples in the laboratory before Alkalinity Titration. (B) Field pH is obtained in the 
field at the time of sample collection. The results are similar in trending and close in 
numbers shown in the summary plot in Figure 4.11 below.  
A 
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Due to this neutral pH, the wetland has been supportive of the aquatic lives in terms of 
plants and animals throughout the year except in freezing winter when all biota hibernate.  
The presence of these lives is also a direct indicator of good water quality which hints a 
remediation success of this technology in combating contaminants in the wetland 
reductive layers. The presence of limestone gravel at the base of this wetland may have 
contributed to buffering the acidic condition in this wetland.  
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Figure 4-11: Correlating the initial and field pH based on annual averages in the 
layers as well as at the influent and effluent. Field pH is slightly higher than the 
initial pH probably due to the exposure to the air in the lab when opening sample 
bottles allowing carbon dioxide dissolution lowering the pH. 
 
4.4. Conductivity and Alkalinity correlation: 
Both parameters trend in a similar manner through the wetland zones. The highest 
increase in alkalinity in the middle layer is marched by the highest conductivity in the 
middle layer shown in figure 4-12 as well as piezometer by piezometer correlation in 
June, July, August and September of 2005. However, from December 2005 through June 
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of 2006 the conductivity readings were lower than expected despite trending in the same 
manner as in the earlier part of this research. The low conductivity meter readings could 
have been due to the faulty equipment that may have resulted from improper calibration. 
0
18
36
54
0 200 400 600 800 1000 1200 1400
[Conductivity] uS/cm
D
ep
th
 (i
n)
June (2005) July (2005)
Aug (2005) Sept (2005)
Dec (2005) Mar (2006)
May (2006) June (2006)
 
0
18
36
54
0 2 4 6 8 10 12 14
[Alkalinity] mM
D
ep
th
 (i
n)
Jun (05)
Jul (05)
Aug (05)
Sept (05)
Dec (05)
Jan (06)
Mar (06)
Apr (06)
May (06)
Jun (06)
 
 
Figure 4-12: Conductivity (A) and alkalinity (B) correlations 
A 
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High conductivity in the middle layer could be due to the presences of high ions 
concentration resulting from dissolved irons (Fe(II)) a by-product of reduced Fe(III) as 
well as formation of NH4+ and NO2- from denitrification processes, while a rise in 
alkalinity may indicate dissolved carbonate species in the ML as well. Both alkalinity and 
conductivity reduction in the upper layer may have been as a result of seasonal effects 
from temperatures and plants that may have resulted in dissolved nutrient reduction due 
to oxidation by oxygen brought in through the plants roots or nutrient uptake by plants as 
requirement for growth. Nutrient reduction in the upper layer may have been as well due 
to transformation processes of biogeochemical nutrient cycling releasing the greenhouse 
gasses to the atmosphere. More research is required to establish this observation further. 
 
4.5. Monthly Variations of Ions with Depth 
4.5.1. Nitrate: Nitrate concentrations varied greatly through the layers regardless of 
seasonal changes. The highest concentrations were recorded in the influent ground water 
overall despite variation in the amounts of the individual months varying between [0.021-
0.040mM]. December as the coldest month of the year recorded the highest concentration 
of nitrate [0.040mM] in the ambient influent groundwater which could probably explain 
the dormancy period in the wetland when the plants are dormant and microbes are 
inactive in the aquifer. The concentration in the wetland layers progressively reduced 
through the layers as ambient influent water moves upward with similar reduction trends 
in both summer and winter through the layers. 
Exhaustion of oxygen is immediately replaced by anaerobic reduction of nitrate as 
influent groundwater from the aquifer enters the wetland base. In July 2005 the average 
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nitrate in the incoming influent recorded [0.038mM] but quickly decreases through lower 
layer (LL), middle (ML)  and upper layer (UL) [0.015, 003, 0004mM] with percentage 
reduction of 62%, 93% and 99%  in LL, ML and UL respectively in comparison to the 
influent. The highest percentage reduction in the LL may indicate nitrate reduction zone 
(54-45 inch depth). 
In August 2005, average influent of 0.032mM reduced rapidly to [0.001mM] in 
the ML with increase in UL [0.003mM] corresponding to 68%, and 92% reduction in the 
ML and UL respectively. 
In September 2005, average concentrations of [0.034, 0.009, 0.005 and 0.004mM] 
were recorded in INF, LL, ML and UL respectively with reduction percentage of 73%, 
84% and 88% in the LL, ML and UL respectively.   
 In December 2005, average influent groundwater is [0.040mM] but falls rapidly 
through the layers to the minimum value of 0mM, in the upper layer corresponding 
to100% reduction. December is the coldest month of the year and probably high nitrate 
concentration is due to low consumption rates by nitrate reducing bacteria while in a 
dormant period of less activity in the source area of influent groundwater in the aquifer. 
However, the reduction process goes to 100% in the upper layer regardless of inactive 
microbial activities in winter which is not the case in this wetland probably due to 1) 
Warmer influent water that tends to warm up the overlaying layers as water migrates 
through the layers hence reduction process is encouraged to go on in the lower layer. 2) 
Wetland unlike aquifer system is rich in organic carbon and hydrogen as the key electron 
donors always ready to give electrons to electron acceptors such as nitrate. Electron 
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donors may be plenty at all times but microbial reduction may be less active during plant 
dormancy and freezing temperatures but always at work. 
In January 2006, influent average [0.021mM] decreases sequentially to 0mM 
(100% reduction) in the upper layer as water flows up the wetlands with highest 
reduction in the ML (96%). January was relatively warm as compared to December. In 
December and January, nitrate reduction was slow in the LL but picks up in the ML a 
shift from the observed trend in the warmer months. This may be due to a higher 
dissolved oxygen concentration in the influent groundwater because of low temperature. 
Thus the delay in nitrate reduction in the lower layer into the ML could be as a result of 
aerobic reduction in the LL inhibiting anaerobic nitrate reduction in this layer.   
In March 2006, average nitrate in the influent [0.027mM] decreases through the 
layers to [0.001mM] in the UL implying 98% reduction with respect to groundwater 
influent. In April 2006, [Nitrate] concentration decreases through the layers from influent 
(0.025mM) to the ML (0.002mM) but increase in the UL (0.003mM) by 7% which could 
probably be due to oxygenation in the UL through the plants rhizosphere as growth 
advances with less mature roots that can only penetrate to the UL inducing nitrification of 
ammonium to nitrate. 
In May 2006, average nitrate [0.032mM] in the influent drastically reduces 
through the layers to 100% (0mM) in the UL with respect to influent groundwater. In 
June 2006, average [nitrate] influent (0.025mM) systematically reduced to (0.001mM) in 
ML but increased in the upper layer to 0.004mM. Nitrate increase by 14% in the UL is 
another indication of active nitrification process from the roots of mature plants creating 
aerobic microenvironment.   
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August (05) 0.003 0.001 0.010 0.032 92 97 68 
September (05) 0.004 0.005 0.009 0.034 88 84 73 
December (05) 0.000 0.004 0.023 0.040 100 91 43 
January (06) 0.000 0.001 0.012 0.021 100 96 40 
March (06) 0.001 0.003 0.010 0.027 98 90 62 
April (06) 0.003 0.002 0.010 0.025 87 94 59 
May (06) 0.000 0.004 0.011 0.032 100 87 64 
June (06) 0.004 0.001 0.005 0.025 82 96 79 
Annual Avg. 0.002 0.003 0.012 0.030 94 92 61 
 
 
Figure 4-13: Monthly [Nitrate] average reduction through the layers. Highest 
reduction is in LL which designates 54-45 inch depth (zone 1) to be nitrate reduction 
zone in this wetland. The figure also shows a summary of monthly averages with 
their respective percentage reduction in the three distinct zones. 
 
Summary: 
Nitrate concentration increased in the UL in April, June and August which may be 
due to the plant growth that enhances ammonia nitrification in the event of warmer 
conducive temperatures that increases aerobic activities through the rhizosphere and Root 
Oxygen Loss (ROL). 
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Figure 4-14: Monthly [Nitrate] average reduction through influent, LL, ML and 
UL. 
 
In winter months, nitrate reduction is minimal in the LL but picks up in the 
middle layer and goes to 100% in the upper layer. The delay in LL reduction despite the 
continuation of the reduction process may be as a result of the existence of the facultative 
phase (aerobic –anaerobic interface) probably due to a high concentration of oxygen in 
the incoming influent that readily dissolves with infiltrating water into the aquifer 
because of high oxygen diffusion rate in cold temperatures. 
May 2006 recorded a 100% reduction in the upper layer but the trend of reduction 
in the layers resemble spring and summer months and not winter, with major reduction 
occurring in LL (54-45 inches) and ML (45-27 inches) depth. This may indicate LL as 
nitrate reduction zone in warmer months while in winter ML as the ultimate zone of 
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nitrate reduction.  Figures 4-13 and 4-14 indicate the summary of percentage reduction in 
the wetland layers and average monthly variations of nitrates in the wetland respectively. 
4.5.2. Nitrite (NO2-): Nitrite is an intermediate by product of ammonia nitrification 
aerobically and anaerobic denitrification of nitrate. 
 The monthly average [Nitrite] in the influent is generally low as compared to LL 
in September, December, March and June. However, in July, August, April and May 
influent averages are higher and decreases slightly in the LL. The effect of seasonal 
changes is significantly shown by large  increase in nitrite concentration during warm 
months in the ML contrary to winter, followed by a small drop in concentration in the UL 
except in August, January and May with a further increase in [nitrite] in the UL (27-9 
inch depth).  
December and January recorded lowest nitrite averages relative to warmer 
months.  January been slightly warm, [Nitrite] concentration remained constant between 
the LL and ambient influent. In December (Freezing), LL [Nitrite] was the highest 
reducing sequentially in the ML and UL indicating thermal stratification. A relatively 
high nitrite concentration in the influent and the LL may be due to the existence of a 
warm conducive temperature in which anaerobic denitrifiers convert nitrates to nitrite as 
nitrate reduction proceeds. However, in the UL average nitrite decreases probably 
because of the ongoing further denitrification to N2 as a terminal product that complete 
the global nitrogen cycle. The increase of nitrite in the UL in August, January and May 
might have been the result of aerobic oxidation of ammonia to nitrite by nitrifying 
bacteria (Nitrosomonas) as well as plants rhizomes effects that may have brought in 
 80
oxygen in the upper layer specifically during the growth periods .Figure 4-15 is the 
average nitrite formation and reduction in the wetland layers.  
Higher nitrite concentrations in winter may have resulted from direct oxygen dissolution 
into the still cold water that may have reached UL layer as well enhancing ammonia 
nitrification.  
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Figure 4-15: Monthly [Nitrite] averages through the layers. Highest nitrite 
formation in ML (45-27 inch depth -zone 2) following a slight reduction in zone 3.  
 
Nitrite reduction in the UL, in the months of September, December, March, April, 
June and July suggests denitrification processes taking place to the level of NO and even 
N2  gas released to the atmosphere from the wetland surface. Likewise there is a higher 
possibility of renitrification of nitrite produced in large quantity within the ML back into 
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nitrate in the upper layer. This may be signified by an instantaneous increase of nitrite in 
the upper layer for the months of August, January and May. It’s inconclusive whether the 
source of nitrite in the UL is the by-product of aerobic NH3 nitrification or anaerobic 
NO3- denitrification or a combination of both. However, it’s possible that nitrite increase 
in the middle layer is the by-product of denitrification while nitrate reduction proceeds 
through the layers. In the UL there is a high probability that most nitrite could be the by-
product of aerobic oxidation of NH3 from the middle layer. Figure 4-16 is the summary 
of nitrite monthly average formation and reduction with depth. 
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Figure 4-16: Monthly [Nitrite] average formation and reduction through influent, 
LL, ML and UL.                                                                                                                                           
 
4.5.3. NH4+ Formation: Ammonium is below detection limit in the ambient groundwater 
influent but appears in low level in the lower layer rising to maximum concentration in 
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the middle layer. Ammonium concentration sharply decreases as water get into the 
wetland’s seasonally most vulnerable upper layer to a below detection limit in the 
effluent. This trend in ammonium variation through the layers is common throughout the 
year except in the freezing month (December 2005), where ammonium concentration was 
highest in the LL with a sequential decrease through the ML and UL (Figure 4-17). 
Relatively warmer temperatures at the base of the wetland may have activated and raised 
biological degradation of organic matter in the lower layer that may have resulted in high 
level of ammonium formation in the LL and ML which further bolster the continuous 
decrease of ammonium from the middle to the upper layers as water temperature 
decreases upwards in the layers to the freezing on the wetland surface. Thus ammonia 
production during winter may be heavily influenced by thermal stratification besides the 
abundance of organic matter in the wetland layers.  
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Figure 4-17: Monthly [Ammonium] average formation and reduction through 
Influent, LL, ML and UL. 
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High levels of ammonium in the middle layer during warm months could either 
be a by product of denitrification from nitrate reduction zone in the lower layer or from 
decaying organic matter in the LL and ML because of favorable warm temperatures 
enhancing biodegradation process. This analysis indicates ammonium production is 
affected by seasonal changes including temperature variation and vegetation to a certain 
level but not totally dependent on. 
Decreasing NH4+ in the wetland upper layer during growth period suggests 
ammonium nitrification due to the plant roots influence that leaks oxygen from the 
rhizomes acquiescent with increasing nitrate concentration in the upper layer of the 
wetland simultaneously.  
In May and January no ammonium was detected in both influent and lower layer 
despite higher ammonium formation in the ML that reduced in the UL probably because 
of nitrifying ammonia that increased nitrate concentration in the UL slightly. UL is the 
zone of ammonium reduction while the highest level of ammonium production is in the 
ML shown in Figure 4-17 above.  
4.5.4. Sulfate: Sulfate reduction begins immediately in the wetland lowest layer although 
it’s suppressed by more energy efficient nitrate reduction in the wetland base. However 
as influent groundwater progressively advances through the middle layer (45-27 inches), 
sulfate reduction reaches its peak dominating the reduction process as nitrate is weaken 
as electron acceptor in the middle layer. Middle layer recorded the highest percentage of 
sulfate reduction in comparison to the lower and upper layers despite the continued 
reduction process in both layers at a lower rate (Figure 4-18). This may be an indication 
of the ML been a maximum sulfate reduction zone dominated by sulfate reducers. 
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 Influent groundwater had the highest SO42- concentration for the entire sampling 
period except in July where SO42- increased (-24%) in the lower layer before experiencing 
a maximum reduction of 87% in the ML (Figure 4-18). 
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Months [Sulfate] mM % changes (Reduction) 
within the  layers 
 UL ML LL INF UL ML LL 
July (05) 0.031 0.044 0.407 0.329 91 87 -24 
August (05) 0.133 0.110 0.298 0.337 60 67 12 
September (05) 0.131 0.111 0.324 0.370 64 70 12 
December (05) 0.091 0.149 0.329 0.394 77 62 16 
January (06) 0.136 0.143 0.399 0.397 66 64 -1 
March (06) 0.144 0.211 0.403 0.459 69 54 12 
April (06) 0.150 0.095 0.350 0.436 66 78 20 
May (06) 0.056 0.105 0.371 0.500 89 79 26 
June (06) 0.128 0.047 0.312 0.395 67 88 21 
Annual Avg. 0.111 0.113 0.355 0.402 72 72 12 
 
 
Figure 4-18: Monthly [Sulfate] averages through the layers.  Highest reduction in 
ML indicates 45-27 inch depth (zone 2) to be Sulfate reduction zone in this wetland. 
The figure is also a summary of monthly averages in the layers and percentage 
reduction in three distinct zones with respect to influent concentration. 
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August: The average sulfate in the influent is 0.337mM but drops to 0.298mM in 
the LL and further decreases to 0.110mM in the ML. However in the UL (0.133mM) an 
increase is recorded. The highest reduction is in the ML (67%) with respect to the 
influent groundwater (figure 4-18). 
September: Influent groundwater has 0.370mM but decreases in the wetland 
lowest layer to an average of 0.324mM with 12% reduction from influent. As water 
continues into the ML a decrease of 70% corresponding to an average [sulfate] 0.111mM 
which is the highest drop in the sulfate reducing zone (45-27 inches). However, in the UL 
sulfate increases to 0.131mM from 0.111mM in the ML, suggesting 64% reduction with 
respect to influent. 
 December: The average sulfate inlet concentration (0.394mM) decreased through 
the layers to 0.091mM in the UL suggesting a sulfate loss of 77% in UL with respect to 
ambient groundwater influent. The highest zone of sulfate reduction is within the ML 
(45-27 inches depth) by about 62%. 
In January 2006, average sulfate increased slightly from influent to the lower 
layer (-1%); contrary to most part of the year observations. This was followed by a sharp 
decrease in the ML (0.143mM) from the LL (0.399mM) with further decrease in the UL 
(0.136mM) that correspond to 64% and 66% reduction in the ML and UL respectively.  
March 2006: An average [sulfate] systematic decrease from influent to the UL 
was recorded as (0.459mM, 0.403mM, 0.211mM and 0.144mM) corresponding to 12%, 
54% and 69% sulfate losses in the LL, ML and UL with respect to influent concentration. 
The highest reduction (54%) in the ML is an indication of sulfate reducing zone.  
 86
April 2006: An influent groundwater [0.436mM] in the base of the wetland 
decreased by 78% to 0.095mM concentration in the ML. This was followed by a further 
increase (0.150mM) in the UL an indication of more sulfate formation by hydrogen 
sulfide (HS) oxidation due to rhizosphere influence from wetland plant roots. Likewise 
considering a slightly lower SO42- energy yield than Fe3+, more active Fe-reducers in the 
UL may have inhibit further sulfate reduction beyond the ML while in the UL, oxidation 
of HS and sulfide from reduced pyrite during Fe-reduction may have lead to more sulfate 
formation in the upper layer during the growth period. 
May 2006: Ambient groundwater [SO42-] average influent was the highest in the 
May [0.500mM] before entering wetland LL with a reduction of 26% from influent to 
[0.371mM]. A more significant reduction by 79% in the ML [0.105mM] makes this layer 
the highest zone of sulfate reduction. A further decrease in SO42- concentration to 
[0.056mM] in the UL brings the overall sulfate reduction with respect to influent to 89%. 
June 2006: Average [sulfate] in the influent [0.395mM] decreases to 0.312mM 
and 0.047mM in the LL and ML corresponding to 21% and 88% reduction in the lower 
and middle layers respectively. However, an increase in [SO42-] from ML to UL 
(0.128mM) corresponding to a reduction of 67% with respect to influent suggests sulfate 
formation in the UL perhaps due to oxidation of sulfide minerals by oxygen inlet through 
well developed macrophyte roots in June (Figure 4-18). 
 
Summary: 
August, September, April and June all indicate an increase in SO42- concentration 
in the upper layer of the wetland from the ML shown in figure 4-19 which is a monthly 
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average sulfate. Similarly, the same trend has been observed in nitrate data at least for 
August, April and June where nitrate concentration increased in the UL. This may 
indicate the effects of seasonal variation due to well developed wetland plant roots 
responsible for oxygen translocation that has reached UL. Increase in SO42- concentration 
observed in the summer months may have been due to the presence of pyrite (FeS) in an 
oxygenated zone (UL). H2S reaction with Fe in the Upper layer form FeS which could 
either eliminate sulfur from the cycle or lead to SO42- formation in aerobic environment 
enhanced by oxygen inlet through plant roots. 
0
18
36
54
0 0.1 0.2 0.3 0.4 0.5 0.6
[Sulfate] mM
Depth (in)
July
August
September
December
January
March
April
May
June
 
 
Figure 4-19: Monthly [Sulfate] average reduction through influent, LL, ML and UL. 
 
 
 In July 2005, low sulfate concentration in the influent that increased in the LL 
may have been as a result of less seepage from the run offs for the fertilizers used on the 
farms during the dry summer when farming is less active in Ohio. However, the increase 
in the LL at this time of the year may have resulted from more dissolution of gypsum and 
anhydrite (limestone) in the base of the wetland gravel layer that might have increased 
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SO42- concentration in the lower layer due to relatively higher temperatures facilitating 
dissolution as well. Nevertheless sulfate concentration has remained stable and resilient 
in the wetland layers in spite of seasonal variation, which makes sulfate the most 
abundant electron acceptor in WPAFB wetland and probably in other similar wetlands. 
 4.5.5. Chloride: Chloride concentration was pretty much stable in the WPAFB wetland 
all year round regardless of the layers depth or seasonal variation. Chloride annual 
average concentration in the WPAFB wetland ambient groundwater influent [1.94mM] 
decreased to 1.82mM in the LL corresponding to 6% reduction with respect to the 
influent. The average annual concentration in the ML and UL were 1.83mM and 1.86mM 
suggesting 6% and 4% chloride reduction with respect to the influent. Despite the 
stability of chloride in the wetland layers, higher concentration is common in the influent 
groundwater for the most part of the year except in September and January both of which 
relatively had low concentrations in all the layers.  
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Figure 4-20: Monthly [Chloride] average summary in the layers. [Chloride] is stable 
throughout the wetland regardless of the season acting as conservative species. 
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Figure 4-20 above shows chloride monthly averages in this wetland with less variation in 
space and time which may suggest chloride as a conservative species. 
Chloride reduction in the LL could be due to the ionic exchange or reaction of 
chloride with the dissolved limestone in the base of the wetland, probably forming other 
stable chloride salts thus reducing the quantity of chloride ions in solution. However a 
further chloride reduction in the middle and upper layers during the warm months may be 
associated with the plants intake of chloride as nutrients in the zones of root penetration. 
High levels of chloride in the influent and wetland layers may suggest seepage of NaCl 
used for defrosting roads during winter that may have found its way into the wetlands 
from road run off in winter and early spring seasons when more seepage and run off from 
the melting ice is common. Figure 4-21 is a monthly chloride concentration in the 
wetlands layers. 
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Figure 4-21: Monthly chloride average concentrations through Influent, LL, ML 
and UL. 
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4.5.6. Iron: The data for total dissolved iron analysis is only available for July and 
September 2005, due to the missing winter and spring analysis. Meanwhile this thesis 
will compare the data for mid summer and early fall with Lach (2004) data analysis. 
July 2005: The average Fe2+in the influent and lower layers were nominal with a 
concentration of 0.005mM, suggesting the absence or inactive Fe2+ reduction in the 
influent and LL because of inhibition from higher energy efficient nitrate reduction 
process in this zone. As water proceeds into the ML (45-27 inch depth), average Fe2+ 
increased to the highest level [0.267mM] suggesting a start of Fe3+ reduction zone at a 
point in the ML layer into the UL as sulfate and nitrate get exhausted. Conversely, 
somewhere in the UL (27-9 inch depth) Fe2+ reoxidizes back into the Fe3+ with average 
concentration of (0.035mM); while on approaching wetland surface layer at the effluent 
only traces [0.004mM] of Fe2+ is detected suggesting a total oxidation of Fe2+ to Fe3+ 
upon full exposure of dissolved Fe to the aerobic environment displayed by figure 4-22 of 
Fe2+ concentration in the layers and influent. 
Between the LL and ML, Geobacters metallireducens bacteria actively reduced 
insoluble Fe3+ oxides to soluble ferrous iron sequestered in hydric sediments within the 
wetlands soil. In anaerobic environment Fe(III) reduction leads to the accumulation of 
dissolved Fe(II) diminishing the likelihood of Fe (II) reoxidation. As water continues into 
the top portion of UL, Fe(II) in solution precipitates back into Fe(III) oxides abiotically 
by oxygen from the plant roots that reached wetland upper layer. 
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Figure 4-22: Monthly [Ferrous iron] averages in July and September, 2005. Highest 
(Fe (III)) reduction in ML indicates 45-27 inch depth (zone 2) to be Fe reduction 
zone in this wetland.  
 
Total oxidation of Fe2+ on wetland surface is apparent from the effluent analysis with 
negligible concentration of dissolved Fe as water is exposed to aerobic surface leaving 
behind reddish brown substance as a remnant of precipitated Fe oxides on the wetland 
surface. 
September, 2005: Though minimal average [Fe2+] influent entering the wetland 
base increased from 0.002mM to 0.004mM in the LL indicating a slight Fe(III) reduction 
activity in this zone. Upon reaching the ML, a hike in total dissolved Fe of 0.252mM was 
recorded, which decreased to 0.071mM concentration in the UL and even further reduced 
to a negligible [0.005mM] on the surface of the wetland at the effluent. This suggests 
Fe3+ reduction zone exist somewhere between the ML and lower portion of the UL, while 
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in the top portion of UL, Fe2+ re-oxidation occurs rapidly until it almost completely 
reoxides on the wetland surface as water is exposed to the free oxygen. The highest Fe2+ 
accumulation in the ML (45-27 inch depth) strengthen the assumption that this is the Fe3+ 
reduction zone, while a rapid decrease in Fe2+ in UL (27-9 inch depth) suggests the effect 
of seasonal changes enhancing Fe2+ oxidation in this zone. Figure 4-23 shows ferrous 
iron transformation in the wetland layers in summer of 2005.  In spite of all the 
observations its unclear where to draw a borderline between SO42- and Fe3+ reduction 
zones both of which seem to occur concurrently in the same zone (45-27 inch depth). The 
difficulty arises from the closer energy yields between SO42- (38) and Fe3+ (50) energy 
yields (Lach 2004) that intertwines in this layer hence quite challenging to determine 
which process precedes the other. In groundwater with pH < 8, Fe3+ reduction is more 
energetically favorable than SO42- reduction, contrary to alkaline water with pH> 11 
where SO42- becomes more favorable electron acceptor after nitrate (Roadcap, 2006). 
However, in this study SO42- reduction starts in the LL with maximum reduction in the 
ML unlike Fe3+ reduction that starts in the ML and reaching maximum. This study also 
concurs with Lach (2004) analysis (June, 2003 data) suggestion that the decreasing SO42- 
concentration was exhausted between ML and UL to let the beginning of iron reduction. 
Fe3+ reduction will surpass SO42- reduction if electron acceptors were exposed to 
the same geochemical conditions and quantity in the influent and left to progress through 
the wetland layers due to its higher energy yield that makes Fe-reducers withdraw energy 
a little easier than relatively low energy efficient sulfate reduction along with a closer 
sampling ranges in the ML and UL. Nevertheless in this study SO42- reduction starts way 
before Fe(III) in the LL to a maximum level in the ML before it gets exhausted in the UL 
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probably suppressed by Fe3+ reduction that started late in the ML and reached its peak 
while continuing to the UL before completely diminishing into traces on the wetland 
surface shown in figure 4-23. 
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Figure 4-23: Transformation of ferrous iron in July and September 2005 within 
wetland layers, influent and effluent. 
 
 
4.6. Results Discussion of Electron Acceptors: 
From the results of averaged month to month analysis a sequential pattern of 
reduction process in the wetland is eminent. Immediately influent ambient groundwater 
enters into the wetland base, nitrate reduction starts after oxygen depletion due to its 
higher energy potential and reaches its peak in the lower layer. The reduction process 
continues to dwindle through the ML until nitrate diminishes to its lowest undetectable 
level in the upper layer. 
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Sulfate reduction begins all the way in the lower layer but relatively inactive 
because of nitrate inhibition which has higher energy potential. Sulfate reduction 
continues and reaches its maximum potential in the ML as nitrate gets exhausted. In the 
UL, reduction process continues at a slow pace as reduction zone changes unfavorably 
while Fe3+ reduction immediately replaces and supersedes sulfate in the ML after a close 
competition, taking over the reduction process through the ML into the UL before oxygen 
from the plant roots reoxidizes moderate amount of Fe2+ back into Fe3+  in the upper 
layer. By the time water exits onto the wetland surface (effluent), all iron in solution 
precipitates back into Fe3+ completely because of the exposure into the aerobic 
environment. 
The overriding nature of Fe3+ and SO42-  reduction in zone 2 (45-27 inch) could be as a 
result of the proximity in the energy yields of the Fe3+ (50) and SO42- (38)KJ/H2 that 
tends to hinder one another. However, despite a higher Fe3+ energy potential, SO42-   
precedes Fe3+reduction because sulfate reduction began way before Fe3+ reduction in this 
particular wetland. Unlike higher Fe2+ concentration in the middle and upper layer 
suggesting trapped iron rich minerals in the hydric soils, sulfate is a product of influent 
groundwater geochemistry and not dependent on wetland soil chemistry and composition.  
WPAFB wetland UL is the most susceptible to the effect of seasonal variation 
mostly by vegetation and temperature. Thus through the roots of the vascular plants 
oxygen transported to the wetland UL, oxidizes Fe2+ back into Fe3+ observed as a drop in 
Fe2+ concentration while upon the full exposure of wetland water to the surface at the exit 
all Fe2+ precipitates leaving behind reddish brown substance as ferric Fe in the wetland 
ditches. The presence of oxygen in the upper layer through the roots is justified further by 
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nitrification of ammonia to nitrate that led to a see-saw effect between increased NO3- and 
reduced NH4+concomitantly during summer in the UL. Therefore the order of reduction 
process in WPAFB is NO3->SO42->Fe3+ indicated by figures 4-24b & d. 
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Figure 4-24: Comparison of partial and annual degradation in the wetland layers by 
concentration. (A) July and September averages for NH4+, NO3-, SO42-, Fe3+ and 
NO2- .  (B) July and September averages for NO3-, SO42- and Fe3+.  (C) Annual 
averages and degradation for NH4+, NO3-, SO42-, Fe3+ and NO2- .  (D) Annual 
averages and degradation for NO3-, SO42- and Fe3+. 
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Nitrite concentration was highest in the middle and upper layer. As an 
intermediate transformer between aerobic nitrification of NH4+ and anaerobic 
denitrification of NO3-, high level of NO2- could be the by product of nitrate reduction 
coupled with high and stable ammonium formation in the ML which is not affected by 
plant roots translocated oxygen that initiates conversion from NH4+to NO2- . However, in 
the upper layer nitrite is affected by seasonal changes occurring on the wetland surface 
such as vegetation and temperature that affects oxygen dissolution. Thus nitrite in the 
upper layer is due to nitrification of NH4+ in rhizosphere as a source of oxygen that 
resulted in nitrate increase and ammonium decrease while nitrite is less affected in 
concentration from the ML.    
 
4.7. Seasonal Variation of Electron Acceptors in the Redox Zone: 
The research in WPAFB focuses on three main electron acceptors and variation 
within the three specified Redox zone. In addition to nitrate, sulfate and iron, nitrite and 
ammonium were analyzed along side chloride which is basically a conservative species in 
this wetland. In any wetland study the main electron acceptors are depleted in sequential 
order based on their energy efficiencies. O2, NO3-, SO42- and Fe3+ is the probable order of 
depletion or reduction with sulfate and Fe(III) order of reduction based on the pH of the 
groundwater. In wetlands with pH<8, Fe3+ reduction precedes SO42- while in alkaline pH, 
SO42- reduction overrides Fe3+ reduction as suggested by Roadcap (2006). However, 
despite the neutral pH in this wetland that favors ranking Fe3+ reduction before SO42-, 
SO42- reduction starts in the LL way before delayed Fe3+ reduction in the ML. The source 
of oxygen in the wetland has been either direct diffusion from the atmosphere or 
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diffusion from the plant roots that creates rhizosphere few mm around the roots followed 
by anoxic zones in which other reduction processes begin in sequence of NO3-, SO42- and/ 
or Fe3+. Oxygen analysis was not available for interpretation due to the difficulty in 
obtaining a reliable data from the DO meter in the field.  
Nitrate (NO3-): At the base of the wetland as influent groundwater enters, NO3- reduction 
starts immediately. The highest reduction was in the LL during summer and spring 
seasons, indicating zone 1 (45 inch depth) as NO3- reduction zone. The reduction process 
continued both in the middle and upper layers with relatively low percentage reduction 
between layers but reduced nitrate by more than 90% in the upper with respect to 
influent. An inverse proportionality of nitrate reduction in the ML to NH4+ and NO2- 
production in the same layer (ML) may be attributed to denitrification process, in 
addition to the warm temperature favorable for organic matter degradation from plant 
debris deposited during dormancy period as an alternative source of ammonium. 
However in the UL reduction in ammonium concentration and a slight decrease in nitrite 
from ML coupled with NO3- increase in UL during summer and spring suggest aerobic 
nitrification of ammonium and nitrite into nitrate due to plant roots oxygenation that has 
reached zone 3 (9 inch). Despite plant dormancy and low temperatures (4oC) on the 
surface in winter, nitrate reduction continues in the LL and ML probably due to the 
existence of thermal stratification in the wetland layers. Relatively high temperatures 
(12oC) in the influent warm up wetland basement where nitrate reducers are dominant 
and active. Biotic activities are decapitated as wetland temperature drops as water 
proceeds towards the wetland surface with freezing temperatures.  
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Figure 4-25: Monthly (A) and annual (B) [Nitrate] averages indicating reduction 
pathway in the three wetland reduction zones. 
 
Contrary to the warm season, in winter NO3- reduction  is relatively low  in the LL (43% 
and 40%) and increased in the ML (48% and 56%) in December and January respectively 
(Figure 4-13).This variation in zone 2 (27 inch) and 1 (45 inch) is a reverse of what has 
A 
B 
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been observation in the analysis during the warm month. The delay in Nitrate reduction 
from zone 1 to zone 2 could be due to less population of nitrate reducers in the LL or 
inhibition of microbial activities due to relatively low influent temperatures that may 
have retarded the reduction process. The reduction process goes to completion (100%) in 
the UL implying the absence of aerobic nitrification from plant roots in zone 3 (9 inch) 
during winter as plants experience dormancy. Figure 4-25 is a monthly and annual 
summary of Nitrate reduction. 
Sulfate (SO42-): Significant reduction of NO3- in the lower layer is followed by maximum 
reduction of SO42- in the ML. Sulfate reduction starts in the lower layer with Nitrate but 
debilitated by NO3- due to its superior energy yield that suppresses any other reduction 
process until significantly reduced. SO42- reduction in zones 1 and 2 are less affected by 
seasonal variation generally except in July 2005 where an increase from the influent into 
the LL was recorded insinuating possibility of sulfate salt dissolution from the wetland 
basement used in the construction which is also concurrent with pH increase as well. 
SO42- increase in the UL during August, September, April and June supports the effect of 
season particularly vegetation coupled with the presence of FeS in the ML and UL that 
may have enhance formation of sulfate from FeS and oxygen brought in by well 
developed plant roots that has evidently reached wetlands UL. Sulfate appears to be 
consistently stable in the wetlands influent and lower layer regardless of the changing 
season. Annual averages in Figure 4-26 of the sulfate reduction in zone 1(12%) suggests 
inhibition by NO3- reduction (61%) with higher energy yield causing a delay in sulfate 
reduction in zone1 (45 inch). 
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Figure 4-26: Monthly (A) and annual (B)[Sulfate] averages indicating reduction 
pathway in the three wetland reduction zones. Note the stagnant sulfate reduction in 
the UL due to suppression from Fe reduction that lead to sulfide oxidation in the 
rhizosphere. 
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As water leaves nitrate reduction zone1 and enters zone 2, sulfate reduction 
reaches the highest peak with annual average of (72%) from the influent while nitrate is 
reduced by 92% in zone 2 from 61% in zone 1. This designates zone 2 (27 inch) as a 
sulfate reduction zone. A see-saw effect of NO3- and SO42- reduction is apparent in the 
lower and middle layer. The effect of temperature on SO42- and NO3- in zone 1 and 2 
were not felt in winter analysis due to relatively higher ambient influent temperatures that 
warmed up the lower and middle layer conducive for sulfate and nitrate reducers which is 
quite different from zone 3  prone to seasonal variation. 
 Fe3+ reduction: It’s not possible to discuss in details the effect of seasons due to 
unavailable data from winter and spring. Only July and September data are available and 
Lach, 2004 winter data may be used for comparison and not as a conclusive interpretation 
of the results in this research.  
Unlike SO42- and NO3- that enters the wetland through the ambient influent 
groundwater in a dissolved form, iron exists in the form of Fe(III) oxide which can only 
be detected in its reduced form. The reduction process involves Fe reducing bacteria 
(Geobacter metallireducens) reducing Fe(III) oxyhydroxides to soluble ferrous iron 
[Fe(II)] deriving energy for growth by oxidation of wetland organic carbon from rotting 
plant debris. Due to varied sources of Fe and other wetland reducers it’s quite challenging 
to scale the sequences under the same footage especially with SO42- that has a close 
energy yield with Fe3+. Both July and September data show similar trend of variation in 
the wetland zones (Figure 4-27), with a trace increase of Fe2+ in the influent and LL in 
September but constant in July. 
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Figure 4-27: July and September [Dissolved Iron] averages indicating reduction 
pathway in the three wetland reduction zones. 
  
However this is followed by an abrupt increase of Fe2+ between the LL and ML 
which is an indication of Fe3+ reduction in zone 2 that seem to overlap with SO42- 
reduction in the same zone making the reduction sequence quite taxing since both Fe3+ 
and SO42- reducers are active in this zone (27 inch). A high decrease in soluble Fe2+ 
immediately follows between zone 2 (27 inch) and zone 3 (9 inch) implying reoxidation 
of Fe2+ to Fe3+.  Zone 3 is the most influenced by seasonal variation mostly by plant roots 
that brings in oxygen abundant enough to precipitate Fe2+ to Fe3+ in the upper layer. On 
the wetland surface upon contact with aerobic environment, only traces of Fe2+ were left 
in solution while the rest have reoxidized into ferric oxyhydroxide visible on the wetland 
surface as a reddish brown precipitates. It’s important to note that unlike all the other 
analytes reducers whose nutrient concentration decreases with depth; Fe3+ reduction is 
symbolized by an increase in Fe2+ concentration in solution. Thus a fall in UL (zone 3) 
concentration indicates Fe2+ reoxidation back into Fe3+ oxide and not Fe3+ reduction. 
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Iron data comparison: 
January data analysis by Lach (2004) suggests relatively slower Fe3+ reduction in 
winter in comparison to summer and spring probably due to freezing temperatures and 
low plant activities.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
18
36
54
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
[Ferrous Iron] mM
D
ep
th
 in
 in
ch
es
Average [Dissolved Iron]
0
18
36
54
0.0 0.2 0.4 0.6 0.8
Millimoles Per Liter
In
ch
es
 B
el
ow
 S
ur
fa
ce
Dissolved Iron
A
B
 105
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-28: A comparison of averaged July /September, 2005 Fe data with Lach, 
2003 Data. (A) Average Fe for July and September, 2005 (Current) research. (B) 
June, 2003 data from Lach, 2003. (C) January, 2003 collected by Lach, 2004. (D) 
April, 2003 Data by Lach, 2004. The graphical representations indicate similar 
trends in (A & B) summer data for the 2005 and 2003 collections despite high 
concentrations of Fe in 2003. 
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Figure 4-28 compares Lach, 2004 Fe analysis with summer analysis from this 
research.  Lach (2004) further attributes the slow reduction process to the shifting of the 
NO3- reduction zone from LL to ML as well as reduced organic matter in the wetland that 
provoked microbial competition, an observation apparent in this research as well. Thus 
low Fe concentration in winter is due to less input of organic matter from the surface due 
to plant dormancy and exhaustion of available organic carbon by SO42- and NO3- in the 
warm deeper portion of the wetland which may have limited Fe reducers close to the 
freezing near surface environment most vulnerable to seasonal changes. 
 
Summary: 
Its evident that the main zones of reduction in this wetland are: 1) LL (zone1~45 
inch) with NO3- as dominant electron acceptor followed by (2) SO42- and Fe3+ reduction 
zones (zone 2~27 inch) in the ML while upper layer (zone 3~9 inch) is mainly the most 
seasonally influential zone of Fe(II) and sulfide oxidation as well as nitrification. The 
reduction processes are sequential depending on efficiency in the energy yield and actual 
time of exposure to the reducing environment. The presence of a higher energy potential 
hinders the reduction of relatively lower energy yield until significantly reduced. Figure 
4-29 summarizes partial and annual degradation sequences in the wetland zones by 
concentration.  
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Figure 4-29: Comparison of partial and annual degradation sequences in the 
wetland zones by concentration. (a) July and September averages for NH4+, NO3-, 
SO42-, Fe3+ and NO2-. (b) July and September averages for NO3-, SO42- and Fe3+.  (c) 
Annual averages and degradation NH4+, NO3-, SO42-, Fe3+ and NO2-. (d) Annual 
averages and degradation sequences of NO3-, SO42- and Fe3+ 
 
 
4.8. Reduction and Formation by Depth 
 4.8.1. Lower Layer: Nitrate is degraded in the highest percentage in the lower layer with 
continued reduction into the middle layer and further decrease in the upper layer to 
almost undetectable level in some months. However, nitrate formation is apparent in the 
upper layer in June, April and August by nitrification processes. This makes LL (45-inch 
depth) the zone of nitrate reduction (Figure 4-30). 
4.8.2. Middle Layer: Middle layer is the zone of active transformation with a lot of 
overlapping activities. This is the greatest zone of sulfate reduction. However, nitrite and 
 108
ammonium formation by ammonification and denitrification processes from nitrate 
reduction are at are at peak (figure 4-30). Middle layer is as well the highest zone of 
Fe(III) reduction or Fe(II) production (figure 4-31). 
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Figure 4-30: Degradation of nutrients by depth. The negative (-) values indicates 
formation in the layers while the positive (+) values indicates degradation/reduction 
processes (A and B).  In (C and D) negative (-) values indicates reduction in the 
layers while the positive (+) values indicates formation. 
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4.8.3. Upper Layer: This is the most vulnerable zone to seasonal changes including 
plants growth and dormancy and temperature variations. Reduction of ammonium and 
nitrite in this layer may be due to nitrification of  ammonium as a result of oxidation from 
the plant roots that may have led to ammonium and nitrite reduction while concurrently 
forming nitrate and sulfate in  April, June, August and September (Figure 4-30). Upper 
layer is the greatest zone of Fe(II) reduction which also implies the highest zone of Fe 
oxidation due to oxygenation from the plant roots during the growth period (Figure 4-31). 
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Figure 4-31: Fe2+ transformation by depth. The negative (-) value indicates 
formation of Fe2+ by Fe (III) reduction in the ML while the positive (+) value 
indicates reduction of Fe2+ in the UL due to oxidation back into Fe3+. 
 
Thus in the scale of hierarchical nutrient degradation in this (WPAFB) wetland layers; 
lower layer is zone of nitrate degradation, followed by sulfate and Fe(III) reduction zones 
in the middle layer while upper layer is generally the zone of nutrient oxidation indicated 
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by seasonal and annual monthly averages in figures 4-24, 4-29 and degradation of 
nutrient by depth in figure 4-30.  
 
 
4.9. Wetland Efficiency: 
The performance of this wetland is described by its reduction efficiency of 
nutrient concentration through wetland layers from influent to effluent. This is best 
described by the equation (Woulds and Ngwenya, 2004) 
%100XE
C
CC
i
oi
⎥
⎥
⎦
⎤
⎢
⎢
⎣
⎡ −
=                                            
Where E is Efficiency, Ci is influent concentration and Co is effluent 
concentration.   
Nitrate reduction between influent and effluent was highest with 97% reduction 
efficiency followed by sulfate 32%, nitrite 3% while chloride 2% overall in their annual 
average (Table 4-1). 
 
Table 4-1: Nutrient reduction efficiency between influent and effluent 
 
Months Chloride Nitrite Sulfate Nitrate 
 IN EF Perf IN EF Perf IN EF Perf IN EF Perf
Jul (05) 2.090 2.430 -16 0.071 0.096 -35 0.446 0.211 53 0.038 0.000 100 
Aug(05) 2.086 2.041 2 0.113 0.077 32 0.337 0.203 40 0.032 0.003 92 
Sep (05) 1.644 2.156 -31 0.072 0.090 -24 0.370 0.192 48 0.034 0.000 100 
Dec(05) 1.935 0.982 49 0.012 0.004 67 0.394 0.156 60 0.040 0.000 100 
Jan (06) 1.588 1.561 2 0.063 0.060 5 0.397 0.318 20 0.021 0.000 100 
Mar(06) 1.814 1.808 0 0.075 0.068 9 0.459 0.357 22 0.027 0.000 100 
Apr (06) 1.907 1.910 0 0.070 0.068 2 0.436 0.267 39 0.025 0.000 100 
May(06) 2.269 1.930 15 0.073 0.068 6 0.500 0.525 -5 0.032 0.000 100 
Jun (06) 1.983 2.071 -4 0.056 0.056 0 0.395 0.305 23 0.025 0.004 82 
Average 1.924 1.877 2 0.067 0.065 3 0.415 0.282 33 0.030 0.001 97 
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The low reduction percentages in chloride is an indication of its existence as 
wetland tracer rather than biodegradable nutrients, while nitrite low reduction 
performance insinuates its ability to transform in the wetland between aerobic 
nitrification of ammonia and anaerobic denitrification of nitrate. December, 2005 
chloride effluent (0.982mM) is the lowest of all times both in the layers and influent 
results, which could be an outlier or probably freezing winter weather related less 
understood in this research. Figure 4-32 shows percentage reduction performance 
between influent and effluent for anions. 
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Figure 4-32: Annual averages showing percentage reduction efficiency between 
influent and effluent anion concentrations in WPAFB wetland between July 2005 
and June 2006. 
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Sulfate degrades from influent to the ML layer until it reaches the upper layer 
where Fe (III) reduction enhances sulfide formation that in the presence of oxygen 
through the plant roots lead to more sulfate formation in the upper layer and in the 
effluent undermining reduction efficiency. Denitrifiers turn out to be the best performers 
(97%) as wetland nutrient reducers probably due to their high energy potentials besides 
relatively low concentration of nitrates in this wetland. December, 2005 shows high 
performance efficiency in nitrate, chloride, nitrite and sulfate (Table 4-2). 
 
4.10. Seasonal Variation of Non-electron Accepting Ions: 
Varying season due to climatic changes affects wetland biogeochemistry, best 
portrayed by vegetation dormancy and falling temperatures during winter and growth 
period from spring through fall. Plants are the sources of organic carbon in the wetland 
which are microbes’ source of energy for growth and reproduction. Macrophytes roots 
are the conduits for oxygen transport into the wetland anaerobic zones creating a thin 
extension of aerobic microzone around the rhizomes. Cations such as calcium, 
magnesium and bicarbonate are partly the by-products of the wetland gravel layer 
dissolution while sodium and potassium may have its source from the wetland soils in the 
layers as well as influent groundwater. The source of ammonium is entirely from the 
wetland LL and ML as by-product of organic matter degradation or end product of 
anaerobic denitrification in nitrate reduction or both. The non electron accepting ions 
such as Ca2+, Mg2+ and HCO3- exhibit similar patterns that correlate strongly while Na+ 
and K+ has an inverse correlation. NH4+ variation in wetland layers typically shows a 
direct relationship to the nitrate reduction. 
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4.11. Calcium, Magnesium and Bicarbonate: 
All these cations generally show relatively lower concentration in winter and 
spring. Ion concentration increases progressively from winter through spring and late 
summer both in space (depth) and time (season). 
Ambient influent groundwater has average [Mg2+] concentration of 1.6mM and 
2.5mM Ca2+. As water moves up the wetland through the gravel layer into the LL, both 
Ca2+ and Mg2+ increases slightly in summer months. Except in December with the lowest 
concentration of the year Mg2+and Ca2+ increased in the ML layer for the rest of the year 
while in the UL, both Ca2+ and Mg2+decreased in winter through early summer but 
increases in late summer and early fall season. Figure 4-33 correlates carbonate species in 
this wetland on a monthly basis. Bicarbonate is a direct replica of calcium and 
magnesium in variation trends through season which may indicate a common source of 
origin for these three elements as limestone and dolomite used in the construction of 
wetland basement dissolved by relatively low pH influent groundwater from PCE 
contaminated aquifer. However, the increasing pH from the influent to the LL doesn’t 
show a relative increase in Ca2+, Mg2+ and HCO3- probably because the dissolved 
carbonates are used in buffering the pH instead of increasing the constituent analyte in 
the analysis. The high increase of Ca2+, Mg2+ and HCO3- between the lower and middle 
layer is inversely proportional to a decrease in pH between LL and ML perhaps due to 
organic acid production by plants during growth season. Organic acids are the sources of 
carbonic acid that drops the pH enhancing more dissolution from carbonate rich 
sediments in the gravel layer into the lower layer. 
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Figure 4-33: Correlation of calcium (A), magnesium (B), bicarbonate (C) and pH 
(D) monthly averages in wetland layers. Note the general Z-shape in Ca2+, Mg2+ and 
HCO3- and S-shaped pH indicating high carbonate dissolution with low pH despite 
general pH annual average of about 7.12 
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 Temperature variation and plant growth due to seasonal changes enhances CO2 
production resulting in pH fluctuations in the wetland layers. CO2 production can either 
be from wetland plants in the rhizosphere where incoming oxygen oxidizes organic 
carbon in the upper layer or as result of decomposing organic matter due to the gradual 
increase in temperature of lower layer wetland soil rich in organic matter (woodchips), in 
late spring through summer releasing CO2. Increased CO2 concentration lowers pH and 
ultimately increasing alkalinity/ bicarbonate, magnesium and calcium between the LL 
and ML. In the UL, where the effect of seasonal changes are more visible, pH as well as 
Ca2+, Mg2+ and HCO3- are more variable than in the ML and LL. Increase in pH for all 
the months except in early spring (March) correlates with low concentration of Ca2+, 
Mg2+ and HCO3- at the start of the growing season with gradual increase in concentration 
in the mid (July) and late summer (September). This may indicate depletion of Ca2+, 
Mg2+, HCO3- and K+ in early summer by well grown vascular plants some of which have 
reached their growth peak early in summer. 
 
4.12. Potassium (K+) and Sodium (Na+): 
Sodium monthly average concentration in the ambient groundwater influent 
varied between 1.4mM in winter and 2.1mM in mid summer, while [K+] varied between 
0.05mM and 0.12mM in December and September respectively. Upon reaching the lower 
layer with little to no variation in the influent during April, May, January, March and 
July, an increase in June and September and a decrease in December is clear. Sodium 
concentration decreased in the ML for all months varying between (0.06 and 2.1mM) in 
December and September respectively. Average monthly concentration uniformly 
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increased for all months in the upper layer with highest concentration in the warmest 
month relative to less warm (Figure 4-34). 
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Figure 4-34: Potassium (A) (Zigmoid) and sodium (B) (Sigmoid) indicating the 
possibility of Cationic Exchange Capacity (CEC). 
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Potassium trend of variation in the wetland layers is a transpose image of sodium 
with exception of December. Nevertheless both K+ and Na+ responded similarly in terms 
of concentrations within the layers, both recording the lowest concentrations in the 
coldest month (December) and highest in September.  Unlike sodium, potassium’s more 
variable pattern in the UL may signify plant uptake influence through well developed 
dense roots for nutrient translocation highly demanded by plant earlier in growth period 
that resulted in a reduced [K+] in the upper layer. A decrease in pH due to high organic 
acid presence in the ML may have freed trapped K+ particles on the surface of the clay 
rich sediments into the solution that increased K+ concentration in the ML throughout the 
year except in December with unfavorable temperatures due to extreme cold.  
Sodium ion concentration displays a transpose image of potassium through out 
the year except in the freezing month where no variation in trend was noted between 
sodium and potassium insinuating more dissolution or release of ions in summer than in 
winter. Sodium Sigmoid (S-shaped) and potassium Zigmoid (Z-shaped) within the triple 
layered wetland may be an indication of cation exchange process occurring between these 
elements on the surface of clay rich organic soil depending on their concentration in 
water. Figure 4-34 is an indication of cation exchange between sodium and potassium. 
Sodium trend of variation in the layers is similar to pH, while potassium pattern of 
variation is comparable to carbonate ions (Ca2+, Mg2+, HCO3- and alkalinity). 
 
Summary: 
Seasonal variation of non-electron acceptors depend on two main factors: 1) 
Vegetation; which acts as a conduit for oxygen translocation into the wetland anaerobic 
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zone oxidizing organic carbon into CO2 which further solubilizes into weak carbonic acid 
(H2CO3) in solution. The acid formed dissolves carbonate minerals (limestone/dolomite) 
used in the construction of the wetland basement and from the wetland hydric soils rich 
in clay increasing the by-product such as Ca2+, Mg2+ and HCO3- in solution as well as 
increasing the pH due to the buffering effect from dissolved carbonate. Organic carbon 
oxidation may also be enhanced by incoming oxygen through the roots or with influent 
groundwater before its depleted. 2) Temperature increase may as well enhance the release 
of CO2 from decomposing organic matter in the wetland resulting in low pH, increased 
alkalinity and concentration of carbonate ions in the layers. Cation decrease in the 
wetlands UL during the early growth phase may be an indication of plant nutrient uptake 
for growth requirement except sodium that shows an increase in the upper layer 
indicating dissolution of sodium back into solution to replace adsorbed potassium. Figure 
4-35 is a summary of monthly averages in mM concentration for inorganic cations in the 
wetland layers and influent. 
Potassium and sodium inverse trending may be as a result of active presence of 
cationic exchange processes in this wetland on the surface of clay rich soil particles used 
in the wetland construction. Temperature plays a key role in this wetland along side 
plants, in that winter (December) recorded the lowest concentrations in all cation analytes 
which gradually increased in concentration as temperature increased through the seasons 
progressively to the relatively highest concentrations in September and July in the 
respective wetland layers and zones of sample collection.  
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Figure 4-35: Seasonal variation of non-electron acceptors in the wetland; sodium 
(A), potassium (B), calcium (C) and magnesium (D). 
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4. 13. Charge Balance Summary: 
A charge balance was calculated in the wetland for the entire period of sample 
collection as a check and balances for the negatively (anions) and positively (cations) 
charged analytes using the formula below. 
⎥
⎥
⎦
⎤
⎢
⎢
⎣
⎡
⎟
⎟
⎠
⎞
⎜
⎜
⎝
⎛
+
−
= 100XABSCB AnionCation
AnionCation
TotalTotal
TotalTotal  
Where CB is the Charge Balance; ABS is absolute Value; Cations are positively (+) 
charged ions and Anions are negatively (-) charged ions. 
The results from these calculations were categorized into three sections of influent 
(IN), reduction zones (P) and effluent (EF). The absolute values of the charge balance 
less than 20% from the three nests of individual piezometers were averaged into a single 
value representing wetland reduction zones charge balance (CB P). Charge balances from 
the upper layer were relatively high because of the missing bicarbonate data for four 
months of data collections due to slow recharge in the UL. However, influent and effluent 
result averages were not screened. The charge balance results are summarized in table 4-2 
Table 4-2: Monthly charge balance summary indicating influent (CB IN), effluent 
(CB EF) and reduction zones (CB P)  
 
Sampling Events (Months) CB P  CB IN  CB EF  
July (05)  13.15 11.00 10.74 
August (05) 11.32 8.29 12.17 
September (05) 15.26 14.98 8.98 
December (05) 9.24 0.26 11.06 
January (06) 12.64 10.52 11.09 
March (06) 10.99 3.45 0.86 
April (06) 11.42 7.95 2.87 
May (06) 13.43 12.01 12.00 
June (06) 18.06 11.40 11.82 
Averages 12.83 8.87 9.07 
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From the annual charge balance average of 12.83 in the reduction zones, 8.87 in 
the influent and 9.07 in effluent, this wetland can be said to be a transformer wetland 
where influent mass balance may equals or near equals the effluent mass balance inferred 
from the annual charge balance calculated.  
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Figure 4-36: Comparison of wetland charge balance in the influent (CB IN), effluent 
(CB EF) and reduction zones (CB P).  
 
Charge balance in the reduction zones is slightly higher than influent and effluent. 
Charge balance is not stable but rather dynamic from month to month probably due to the 
effects of seasonal variations. December has the lowest averages in the influent, while in 
March both influent and effluent are low but increased in April through June as seasons 
changed. Influent and reduction zone variations trend in the same way through out the 
sampling events shown in figure 4-36, which could hint to the similarity of the 
environment in which these changes are taking place  
 
 125
5. CONCLUSIONS 
The goal of this research is to study the effect of seasonal changes in the redox 
zones and biogeochemical processes within the constructed wetlands at WPAFB in 
Dayton, Ohio, as a follow up to the study by Lach (2004). The study of inorganic ions 
may be helpful in understanding a parallel research effort on organic contaminant at this 
site aimed at evaluating constructed wetlands as a low cost remediation technology for 
groundwater contaminated with chlorinated solvents. 
 Samples collected from influent, effluent and 33 nested piezometers were 
measured in the field for temperature, pH and conductivity. While in the lab, analysis of 
major anions and cations were done using Ion chromatography (IC), dissolved ion 
analysis by spectrophotometer and carbonate species analysis by alkalinity titration. All 
analyses were administered within 24-36 hours of collection to minimized shelf life using 
similar methods used by Jason Lach (2004). 
 The results from this research will hint on constructed wetland capacity in 
reducing concentration of inorganic anions within aerobic and anaerobic zones and how 
seasonal changes including temperature and vegetation may affect its efficiency.  Anion 
concentrations generally reduced from lower layer to the upper layer, while cations 
increased from wetland base to the surfaces with variation in the layers and cationic 
exchange property displayed between sodium and potassium. Wetland pH was pretty 
much consistent through out the year at an annual average of 7.02.  Concentration of ions 
in the constructed wetland was low during winter and high in spring and summer due to 
seasonal effects probably.  
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5.1. Answer to Research Questions: 
 
1. Is there any relationship between vertical zonation (sampling depth) and 
concentration of ions? 
Yes there is a clear correlation between sampling depth and concentration. 
Concentration of anions were relatively higher in the lower layers regardless of the 
season and decreased as water moved from lower to upper layer probably due the 
consumption by microbial activities with time. However, cations concentrations 
increased from lower to the upper layer possibly as more cations were released from the 
clay-rich hydric soils. Low concentration of major ions were recorded in winter 
(December) and higher as temperature increased from winter through summer. 
 
2. Does alkalinity and conductivity vary systematically through the depth and also 
correlate with each other? 
Yes. Conductivity and alkalinity analysis indicated a similar trending in the layers 
for individual piezometer analysis. High conductivity and alkalinity in the middle Layer 
may be due to higher levels of ions in this layer which could have been from dissolved 
iron, ammonium formation, calcium, magnesium and bicarbonate dissolution from 
basement limestone used in the construction of this wetland. 
 
3. Does seasonal variation play a role in the wetland biogeochemistry? 
Yes. Cycles of changes in temperature and vegetation annually, influences 
wetland biogeochemistry. During growth seasons with high temperatures, upper layer of 
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the wetland is affected most in that redox conditions are amplified by oxygen inlet 
through plant roots. Hot temperatures will accelerate decomposition of plant debris 
forming organic matter (source of organic carbon) which is the main wetland electron 
donor.  
Increase in the amount of ions (cations) during summer is an indication of 
seasonal effect supporting more limestone dissolution at the base of this wetland and 
detachment of cations from clay-rich soil surface in the layers into the groundwater 
possibly due to the presence of a favorable temperature and pH. However, more study is 
required to establish this further. 
 
4. Is there a hierarchy or sequence in electron-accepting processes within the 
wetland at different depths? 
Yes. It appears that microbial degradation in the wetland is a sequential process 
that depletes in the order of higher energy yield potential. In this wetland the depletion 
hierarchy is nitrate, sulfate and/or iron. Sulfate and Fe(III) reductions overlap in the ML, 
both recording the highest reduction in 45-27 inch zone. However, the ranking of sulfate 
before iron(III) reduction suggests a progressive order of appearance in that Fe(III) 
reduction appears later in the series when sulfate has already been reduced significantly 
making iron third in the hierarchy. 
 
5.2. Observations:  
Wetland ecosystem is a home to several wildlife plants and animal species whose 
presence is an indication of the healthy environment that proofs the wetland remediation 
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functional processes. In the early spring several wildlife and aquatic habitats were 
observed in the wetlands as the plant start growing and algae blooms. Birds regularly 
observed were redwing black birds, duckling and several other birds, with June marking 
the breeding period for the birds. Wetland ditches were flooded with reddish brown 
remnants of oxidized iron as a physical proof for the oxidation processes occurring in 
aerobic environment, while negligible in the effluent analysis for ferrous iron. Half of the 
wetland towards the pump house at the influent is densely populated with vegetation in 
comparison to the half towards the weir. Plant growth reached the highest height of about 
9 ft in July. 
Water turbidity (a mount of suspended solid particles in water) was high in all the 
layers around piezometers 16, 18, 23, 21 and their periphery where the soils were 
disturbed due to the core sampling from this area. However, the clarity of the samples is 
poorest in the ML displaying brown coloration as compared to slightly colored upper 
layer and more clear lower layer samples in the rest of the wetland piezometers. High 
turbidity in the samples caused by heavy coring exercise and pedestrian traffic may mean 
reduced rates of photosynthesis for the wetland submerged vegetation due to less 
sunlight.  
Lower layer (LL) 45 inch depth piezometer number 6 was dry throughout the 
sampling period while LL number 35 was unstable and leaked from beneath. The duo 
was replaced with the help of Dr. James Amon but still unproductive, thus samples from 
the whole nest were considered redundant and ignored in the results. 
  
 
 129
5.3. Research Scope, Limitations and Recommendation: 
This research investigates a relationship between varying seasons in the redox 
zones and biogeochemical processes in a vertical flow constructed wetland based on well 
established field sampling techniques.  IC, spectrophotometer, pH, temperature, and 
conductivity meters were successfully used for analyte determination along with 
measured alkalinity by titration method. 
Obtaining data for dissolved oxygen (DO) in the field was undermined by the 
inability to stabilize the DO meter, giving an unreliable data set that could not be used in 
this research. 
Since the scope of this study was limited to two months of data from total 
dissolved iron ((Fe(II)) analysis, more intensive sampling and onsite analysis needs to be 
done in the field.  Using CHEMets ampoules, may give a better result as exposure to air, 
shelf life and cross contamination while filtering the samples are minimized.  
Sampling in February 2006 was not possible due to harsh wintry weather 
conditions that froze water in the piezometers. In October and November 2005, Ion 
Chromatography developed a mechanical problem, thus no analysis were made. Getting 
enough water (30mL) samples from upper layer piezometers for alkalinity titration was 
undermined by slower recharging process within the limited time frame of at most 24 
hours, which lead to no data collection from upper layers in some case. 
Several such data should be collected and analyzed repeatedly and correlated with 
the previous research results to establish a consistent outcome before a conclusion is fully 
reached on what is happening in the wetlands in terms of biogeochemical processes and 
microbial degradation of contaminants and nutrients. 
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5.5. Appendices  
 
Appendix A: IC specifications 
 
Manufacturer Dionex 
IC series 2500 
Eluent Generator EGC 30 KOH 
Gradient Pump GP 50 
Conductivity Detector CD 25 
Suppressor ASRS-ULTRA II 4-mm 
Suppressor Current 112.0mA 
Flow rate 1.50 ml/min 
Autosampler AS 40 
Guard Column AG11-HC 
Analytical Column AS11-HC 
Software Chromeleon 
 
Table A-1: Instrument specification for Anion Analysis 
 
 
Manufacturer Dionex 
IC series 2500 
Eluent Generator EG 6.0 mM MSA 
Gradient Pump GP 50 
Conductivity Detector CD 25 
Suppressor CSRS-ULTRA II 4-mm 
Suppressor Current 18.0 mA 
Flow rate 01.00ml/min 
Autosampler CS 40 
Guard Column CG-17 
Analytical Column CS-17 
Software Chromeleon 
 
Table A-2: Instrument specification for Cation Analysis 
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Appendix B: Processed Chemical Data 
 
Monthly Analysis: June 2005 
Piezo Cl- NO2- SO42-  NO3- Na+ NH4+ K+ Mg2+ Ca2+ HCO3- CO32- CT Alk pH Temp Cond 
Depth mM mM mM mM mM mM mM mM mM mM mM mM mM   oC uS/cm 
2u 2.131   0.250 0.031 2.331 0.430 0.305 5.425 3.669         7.04 24.0 1825 
2m 2.332   0.299 0.000 0.726 0.450 0.093 2.989 3.305 6.283 0.003 8.318 6.289 6.69 19.4 1359 
2L 1.762   0.274 0.000 1.284 0.048 0.086 1.089 1.880 4.585 0.003 5.315 4.591 7.01 16.8 800 
4u 2.514   0.182 0.000 1.880 0.201 0.154 1.690 2.707         7.07 22.4 850 
4m 3.239   0.100 0.000 1.022 0.184 0.068 1.167 1.843 4.669 0.001 6.182 4.671 6.68 18.9 1026 
4L 1.922   0.265 0.007 1.381 0.077 0.101 1.134 2.048 4.748 0.001 5.504 4.749 6.71 16.9 737 
7u 2.787   0.296 0.000 1.659 0.406 0.182 4.925 5.862         6.83 20.3 1480 
7m 2.418   0.165 0.000 1.287 0.114 0.098 1.139 2.055 4.884 0.001 6.466 4.885 6.65 18.0 854 
7L 1.948   0.188 0.000 1.429 0.092 0.101 1.171 2.032 4.994 0.001 5.789 4.996 6.54 15.9   
9u 2.630   0.303 0.000 1.702 0.247 0.172 4.082 5.435         6.92 21.8 1176 
9m 2.429   0.165 0.000 1.361 0.143 0.099 1.254 2.125 5.186 0.001 6.865 5.187 6.66 18.7 807 
9L 2.049   0.267 0.000 1.511 0.087 0.100 1.242 2.094 4.944 0.001 5.731 4.946 6.48 16.7 822 
11u 2.352   0.346 0.025 0.969 0.144 0.099 5.231 6.931         6.89 22.0 1341 
11m 2.317   0.337 0.000 0.867 0.530 0.098 3.370 4.145 8.713 0.002 11.536 8.717 6.54 19.3 1409 
11L 2.172   0.186 0.000 1.521 0.176 0.129 1.345 2.268 5.344 0.001 6.195 5.346 6.55 16.3   
14u 1.083   0.402 0.101 1.022 0.168 0.123 3.823 4.289         6.91 22.0 1110 
14m 2.195   0.207 0.000 1.377 0.385 0.152 1.667 2.275 4.929 0.001 6.526 4.931 6.64 18.8 909 
14L 2.066   0.323 0.035 1.568 0.000 0.108 1.216 2.096 4.663 0.001 5.406 4.666 6.67 16.1 809 
16u 2.357   0.267 0.000 2.112 0.413 0.186 2.083 3.177         6.95 22.4 855 
16m 2.083   0.320 0.000 1.650 0.517 0.214 2.954 3.786 7.954 0.003 10.531 7.960 6.57 19.2 1301 
16L 2.118   0.361 0.106 1.698 0.000 0.097 1.289 2.100 4.654 0.004   4.661 6.75 16.3 801 
18u 1.620   0.372 0.000 0.475 0.079 0.040 5.123 6.598         6.97 22.6 1305 
18m 2.342   0.464 0.138 0.718 0.843 0.243 5.248 5.441 10.018 0.004 13.263 10.025 6.62 19.0 1777 
18L 2.227   0.346 0.015 1.630 0.094 0.117 1.268 2.138 4.583 0.001 5.313 4.584 6.89 16.4 820 
19u 2.295   0.246 0.000 1.813 0.087 0.072 1.887 2.973         7.01 22.7 759 
19m 2.246   0.387 0.102 1.055 0.768 0.165 3.917 4.541 8.742 0.005 11.574 8.752 6.74 18.8 1549 
19L 2.136   0.157 0.000 1.641 0.188 0.139 1.233 2.091 4.784 0.001 5.546 4.787 6.94 16.8   
 137
21u 2.390   0.270 0.000 1.846 0.398 0.124 2.415 3.555         6.90 20.8 1011 
21m 2.285   0.248 0.000 1.596 0.405 0.138 2.665 3.648 7.926 0.003 10.494 7.932 6.82 18.2 1254 
21L 2.121   0.357 0.087 1.746 0.000 0.105 1.327 2.078 4.489 0.002 5.204 4.493 6.99 16.0   
23u 2.064   0.289 0.000 1.489 0.211 0.139 3.374 4.605         6.98 22.5 901 
23m 2.411   0.248 0.000 1.738 0.215 0.134 1.751 3.039 6.607 0.002 8.748 6.612 6.94 18.8 959 
23L 2.217   0.370 0.173 1.744 0.000 0.098 1.330 2.224 4.542 0.002 5.264 4.545 7.09 16.0 803 
26u 1.909   0.327 0.000 1.624 0.000 0.030 4.647 5.062               
26m 2.039   0.394 0.024 0.608 0.495 0.114 5.485 6.482 10.422 0.004 13.798 10.430 6.74 19.5 1818 
26L 0.021   0.322 0.032 1.726 0.000 0.113 1.331 2.208 4.679 0.001 5.423 4.682 7.12 16.0 799 
28u 2.212   0.310 0.000 1.992 0.537 0.249 3.564 4.266         6.89 21.4 1207 
28m 2.220   0.289 0.000 1.831 0.341 0.196 2.538 3.816 8.036 0.004 10.639 8.044 6.78 19.0 1205 
28L 2.149   0.314 0.011 1.752 0.000 0.116 1.327 2.109 4.790 0.002 5.552 4.793 7.16 15.6 798 
30u 2.515   0.262 0.053 1.947 0.238 0.143 1.740 2.909               
30m 2.338   0.271 0.000 1.449 0.377 0.153 2.769 3.422 7.797 0.003 10.322 7.802 6.88 18.7 1084 
30L 2.195   0.350 0.087 1.815 0.000 0.113 1.406 2.302 4.645 0.002 5.384 4.648 7.19 15.7 777 
31u 1.887   0.255 0.000 1.848 0.000 0.056 2.120 3.205         7.15 21.4 767 
31m 2.311   0.268 0.000 1.681 0.277 0.151 2.422 3.250 7.434 0.003 9.842 7.440 6.88 20.8 1148 
31L 2.227   0.329 0.017 1.740 0.065 0.126 1.354 2.293 4.615 0.001 5.350 4.618 7.23 15.6 814 
33u 2.020   0.197 0.000 2.006 0.000 0.043 2.748 4.013         7.08 21.8 975 
33m 2.223   0.320 0.000 1.613 0.175 0.083 3.344 4.556 8.803 0.003 11.654 8.809 6.94 21.1 1292 
33L 2.273   0.211 0.000 1.733 0.155 0.122 1.386 2.282 4.850 0.001 5.622 4.853 7.27 15.9 770 
38u 2.028   0.405 0.021 0.950 0.374 0.121 5.918 6.421         7.10 22.6 1200 
38m 2.122   0.311 0.000 0.937 0.785 0.185 4.865 5.243 10.608 0.005 14.044 10.618 7.25 22.5 1634 
38L 2.132   0.355 0.020 1.763 0.000 0.114 1.351 2.297 4.475 0.002 5.187 4.479 7.33 16.4 803 
40u 2.593   0.360 0.000 1.780 0.087 0.046 4.998 5.965         7.08 22.5 1421 
40m 1.941   0.376 0.000 1.380 0.422 0.195 5.712 4.567 10.540 0.004 13.955 10.549 7.28 21.3 1522 
40L 2.121   0.359 0.025 5.015 0.000 0.122 1.370 2.317 4.666 0.001 5.408 4.669 7.31 16.3 803 
42u 2.398   0.225 0.000 2.021 0.000 0.071 1.695 2.394         7.31 22.5 767 
42m 2.040   0.251 0.016 1.555 0.361 0.168 3.796 4.058 7.156 0.002 9.474 7.160 7.29 20.3 1122 
42L 2.223   0.370 0.088 1.870 0.000 0.113 1.418 2.460 4.656 0.002 5.397 4.659 7.34 16.4 792 
43u 2.440   0.355 0.000 1.233 0.152 0.046 5.481 5.947         7.19 23.7 1304 
43m 2.295   0.265 0.000 0.892 0.677 0.288 5.460 6.068 6.959 0.002 9.213 6.962 7.11 20.7 1752 
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43L 2.208   0.323 0.000 1.779 0.084 0.129 1.390 2.382 4.742 0.001 5.497 4.745 7.31 17.2 796 
45u 2.506   0.304 0.000 1.872 0.171 0.056 3.481 4.295         7.32 23.5 914 
45m 2.375   0.269 0.021 1.557 0.279 0.117 2.457 3.102 10.449 0.004 13.833 10.456 7.23 21.6 989 
45L 2.026   0.335 0.061 1.821 0.000 0.119 1.377 2.218 4.809 0.001 5.575 4.812 7.33 17.6 808 
47u 2.609   0.305 0.000 1.754 0.000 0.029 3.972 4.559               
47m 2.240   0.410 0.076 0.925 0.621 0.168 4.235 4.604 8.977 0.003 11.885 8.983 7.17 21.0 1282 
47L 2.144   0.320 0.009 1.803 0.000 0.120 1.471 2.485 4.925 0.002 5.709 4.929 7.34 18.0 806 
50u 4.022   0.478 0.024 2.048 0.287 0.063 4.816 1.220         7.22 21.9 1435 
50m 2.885   0.393 0.036 0.479 0.598 0.154 5.630 6.457 10.687 0.004 14.149 10.695 7.09 21.5 1675 
50L 2.090   0.350 0.069 0.283 0.000 0.019 0.242 0.415 4.328 0.002 5.017 4.331 7.40 18.0   
52u 2.510   0.155 0.000 0.616 0.106 0.015 1.510 0.402         7.34 23.5 840 
52m 2.257   0.286 0.000 1.062 0.209 0.074 3.817 3.982 8.406 0.003 11.129 8.413 7.24 20.8 1255 
52L 2.082   0.342 0.048 1.905 0.000 0.118 1.485 2.421 4.827 0.001 5.595 4.830 7.40 17.8 794 
54u 2.206   0.309 0.000 1.621 0.090 0.048 4.572 4.788         7.34 23.6 1100 
54m 2.299   0.468 0.015 0.912 0.685 0.164 5.462 5.364 10.266 0.004 13.591 10.274 7.12 21.4 1558 
54L 2.181   0.342 0.024 1.905 0.000 0.118 1.485 2.421 4.707 0.001 5.457 4.710 7.39 17.9 781 
55u 2.015   0.326 0.000 2.138 0.224 0.110 5.774 3.779         7.50 23.3 1011 
55m 2.303   0.528 0.035 0.374 0.812 0.158 6.557 6.662 10.889 0.004 14.416 10.896 7.11 21.2 1808 
55L 2.155   0.345 0.030 1.815 0.000 0.122 1.395 2.385 4.803 0.001 5.567 4.805 7.40   795 
57u 2.370   0.220 0.508 4.643 0.000 0.208 4.730 2.989         7.50 23.0 1196 
57m 2.415   0.338 0.090 1.470 0.618 0.153 3.045 3.535 7.792 0.002 10.316 7.797 7.09 20.9 1201 
57L 2.243   0.366 0.098 1.925 0.000 0.113 1.479 2.543 5.007 0.001 5.804 5.010 7.39 18.0 764 
59u 2.402   0.209 0.477 1.415 0.098 0.254 4.143 3.148         7.46 24.1 1108 
59m 2.215   0.464 0.017 0.552 0.455 0.124 5.165 5.140 9.811 0.003 12.990 9.818 7.26 21.2 1414 
59L 2.134   0.350 0.030 1.847 0.000 0.116 1.411 2.426 4.678 0.001 5.423 4.681 7.40 17.9 796 
62u 2.257   0.228 0.025 2.019 0.146 0.139 5.740 2.816         7.45 22.5 1326 
62m 2.403   0.307 0.076 1.795 0.302 0.188 2.536 3.274 7.122 0.003 9.429 7.128 7.24 20.7 919 
62L 2.184   0.359 0.027 1.878 0.000 0.121 1.425 2.427 4.695 0.001 5.442 4.697 7.43 17.5 784 
64u 2.382   0.220 0.777 0.376 0.029 0.028 0.803 0.552         7.54 22.8 830 
64m 2.469   0.191 0.011 1.881 0.205 0.149 1.789 2.638 5.829 0.002 7.717 5.832 7.28 22.4 779 
64L 2.192   0.352 0.023 1.836 0.000 0.122 1.408 2.410 4.774 0.002 5.534 4.778 7.43 17.3 799 
66u 3.172   0.114 0.311 2.370 0.326 0.171 4.431 2.049         7.50 22.6 1081 
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66m 2.232   0.416 0.000 2.002 0.508 0.397 3.133 4.410 8.644 0.003 11.444 8.650 7.09 22.1 1198 
66L 2.237   0.355 0.021 1.892 0.000 0.126 1.454 2.481 4.669 0.001 5.412 4.672 7.44 17.4 808 
IN 2.767   0.202 0.147 2.068 0.000 0.120 1.575 2.416 4.771 0.001 5.939 4.774 7.16 18.4 816 
       Monthly Analysis: July 2005 
Piez Cl- NO2- SO42-  NO3- Na+ NH4+ K+ Mg2+ Ca2+ Fe2+ HCO3- CO32- CT Alk pH Temp Cond 
Depth mM mM mM mM mM mM mM mM mM mM mM mM mM mM  oC uS/cm 
2u                             7.01 20.9 1906 
2m 2.163 0.159 0.213 0.008 1.417 0.272 0.109 2.141 3.247 0.198 7.649 0.002 8.324 7.654 6.92 21.1 1056 
2L 1.984 0.076 0.417 0.016 1.927 0.000 0.102 1.442 2.547 0.001 4.709 0.006 5.135 4.720 7.04 20.3 841 
4u 2.141 0.104 0.196 0.000 1.945 0.269 0.127 1.546 2.584 0.116         7.26 21.3 827 
4m 2.151 0.115 0.120 0.000 1.562 0.187 0.096 1.698 2.574 0.156 5.519 0.002 6.006 5.523 7.04 21.0 891 
4L 2.108 0.078 0.420 0.006 1.858 0.112 0.107 1.440 2.565 0.029 4.874 0.004 5.314 4.882 7.08 20.7 811 
7u 3.415 0.117 0.030 0.000 1.672 0.289 0.161 5.169 5.979 0.068         6.88 21.2 1714 
7m 2.073 0.072 0.360 0.000 1.566 0.134 0.097 1.238 2.186 0.098 5.119 0.003 5.571 5.125 7.16 20.8 846 
7L 2.038 0.079 0.319 0.000 1.894 0.110 0.109 1.466 2.618 0.052 5.206 0.004 5.676 5.214 7.13 20.5 830 
9u 2.544 0.165 0.011 0.000 2.342 0.424 0.139 3.194 4.951 0.080         6.89 21.1 1443 
9m 2.123 0.080 0.294 0.000 1.658 0.187 0.106 1.420 2.333 0.139 5.278 0.002 5.744 5.282 7.12 20.8 842 
9L 2.038 0.076 0.388 0.000 1.956 0.000 0.104 1.500 2.614 0.003 5.021 0.004 5.474 5.030 7.23 20.3 813 
11u 1.483 0.000 0.000 0.000 0.909 0.000 0.039 5.211 6.516 0.042         6.97 21.5 1611 
11m 2.162 0.229 0.005 0.000 1.203 0.362 0.095 3.516 4.308 0.610 9.146 0.002 9.954 9.150 6.78 21.5 1449 
11L 2.035 0.081 0.400 0.004 1.939 0.133 0.118 1.591 2.754 0.027 5.279 0.004 5.756 5.286 7.02 20.9 842 
14u 1.417 0.205 0.000 0.000 1.391 0.205 0.107 3.852 4.372 0.038         6.86 21.6 1283 
14m 1.995 0.128 0.086 0.000 1.667 0.306 0.137 1.548 2.184 0.221 6.440 0.002 7.008 6.444 6.92 20.9 994 
14L 2.070 0.076 0.408 0.005 1.956 0.000 0.101 1.486 2.591 0.008 4.954 0.005 5.401 4.963 7.08 20.3 897 
16u 2.183 0.121 0.066 0.000 1.936 0.435 0.158 1.792 3.000 0.033         7.06 21.7 920 
16m 2.030 0.211 0.010 0.000 1.933 0.500 0.205 3.010 4.078 0.447 9.124 0.003 9.929 9.130 6.84 21.4 1467 
16L 2.010 0.072 0.439 0.036 1.978 0.000 0.101 1.472 2.509 0.001 4.864 0.007 5.303 4.879 7.22 20.7 841 
18u 1.403 0.000 0.000 0.000 0.661 0.071 0.031 5.025 6.443 0.034         6.97 22.1 1647 
18m 2.155 0.267 0.006 0.000 0.834 0.898 0.252 5.314 5.809 0.085 10.386 0.005 11.303 10.395 6.84 21.9 1796 
18L 1.995 0.075 0.408 0.005 1.960 0.000 0.101 1.464 2.509 0.003 4.796 0.005 5.229 4.805 7.21 21.2 824 
19u 2.091 0.116 0.042 0.000 1.934 0.000 0.059 1.718 2.645 0.047         7.21 22.1 869 
19m 2.045 0.216 0.005 0.000 1.089 0.838 0.176 4.120 4.776 0.342 9.073 0.004 9.874 9.081 6.92 21.8 1510 
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19L 2.023 0.079 0.327 0.000 1.897 0.208 0.121 1.456 2.521 0.004 5.100 0.004 5.561 5.107 7.15 21.4 861 
21u 2.112 0.169 0.004 0.000 1.910 0.433 0.131 2.237 3.453 0.027         6.94 22.2 1075 
21m 2.047 0.215 0.005 0.000 1.757 0.399 0.137 2.718 3.675 0.311 8.406 0.004 9.148 8.414 6.86 21.8 1262 
21L 1.976 0.072 0.328 0.026 1.977 0.000 0.100 1.476 2.467 0.003 4.833 0.011 5.269 4.855 7.21 21.1 780 
23u 2.088 0.193 0.000 0.005 2.239 0.260 0.191 2.301 3.480           7.08 22.0 1052 
23m 2.117 0.169 0.090 0.002 1.782 0.336 0.156 1.763 2.876 0.093 5.283 0.004 5.750 5.291 7.18 21.5 815 
23L 2.021 0.072 0.441 0.037 1.978 0.000 0.100 1.487 2.522 0.002 4.963 0.012 5.411 4.986 7.25 21.0 802 
26u 1.899 0.261 0.003 0.003 1.511 0.000 0.025 5.357 5.522 0.058         6.99 21.8 1600 
26m 2.129 0.080 0.314 0.000 0.709 0.552 0.125 5.533 6.587 0.496 10.770 0.004 11.720 10.778 6.93 21.5 1810 
26L 1.997 0.073 0.409 0.020 1.965 0.000 0.106 1.484 2.553 0.003 4.953 0.005 5.401 4.963 7.27 21.0 795 
28u 1.985 0.201 0.000 0.000 2.257 0.559 0.245 3.401 4.135 0.029         6.95 21.7 1380 
28m 1.960 0.275 0.000 0.005 2.033 0.359 0.282 2.703 4.061 0.303 8.461 0.003 9.208 8.466 6.93 21.6 1304 
28L 2.043 0.076 0.383 0.000 1.999 0.000 0.000 1.506 2.646 0.002 5.193 0.006 5.662 5.205 7.23 20.7 819 
30u 2.105 0.072 0.000 0.000 1.964 0.232 0.136 1.551 2.493 0.047         7.30 21.1 786 
30m 2.130 0.204 0.002 0.000 1.549 0.440 0.160 2.913 3.537 0.135 7.671 0.005 8.348 7.680 7.07 21.6 1122 
30L 2.038 0.071 0.444 0.042 1.946 0.000 0.102 1.451 2.524 0.014 4.894 0.008 5.336 4.909 7.24 20.8 820 
31u 2.000 0.119 0.000 0.000 1.970 0.000 0.048 2.041 2.813 0.068         7.16 22.4 929 
31m 2.183 0.184 0.006 0.000 0.138 0.122 0.034 0.320 0.431 0.176 6.952 0.002 7.566 6.957 6.92 22.2 1177 
31L 2.071 0.076 0.365 0.000 1.937 0.113 0.118 1.496 2.596 0.015 5.139 0.005 5.603 5.150 7.12 21.9 802 
33u 2.137 0.177 0.073 0.000 2.041 0.000 0.044 2.670 3.843 0.035         7.00 22.1 1172 
33m 2.075 0.121 0.000 0.000 1.890 0.299 0.120 3.527 4.611 0.201 8.778 0.003 9.553 8.784 6.88 21.9 1424 
33L 2.087 0.099 0.244 0.000 1.938 0.205 0.120 1.548 2.625 0.003 5.361 0.004 5.845 5.369 7.10 21.4 824 
38u 2.105 0.074 0.490 0.007 1.086 0.136 0.058 5.680 6.007 0.054         6.99 22.2 1665 
38m 2.106 0.079 0.392 0.006 1.146 0.873 0.194 5.115 5.408 0.380 10.355 0.004 11.269 10.364 6.91 22.4 1620 
38L 2.031 0.074 0.432 0.009 1.954 0.000 0.105 1.473 2.565 0.005 5.017 0.007 5.470 5.031 7.27 22.1 826 
40u 2.369 0.238 0.000 0.000 1.829 0.095 0.037 4.932 5.955 0.028         6.94 22.7 1623 
40m 1.972 0.258 0.000 0.000 1.533 0.386 0.186 5.499 5.607 0.122 10.072 0.008 10.962 10.088 7.09 22.9 1694 
40L 2.021 0.074 0.427 0.008 1.962 0.000 0.105 1.464 2.567 0.007 4.837 0.007 5.274 4.851 7.43 22.5 860 
42u 2.129 0.125 0.005 0.000 2.038 0.000 0.069 1.636 2.392 0.029         7.33 22.6 787 
42m 1.826 0.157 0.000 0.009 1.641 0.286 0.110 2.514 3.012 0.078 7.634 0.008 8.308 7.651 6.95 22.1 1085 
42L 2.037 0.071 0.427 0.034 1.996 0.000 0.101 1.468 2.560 0.004 4.853 0.005 5.291 4.862 7.16 21.6 814 
43u 2.252 0.243 0.000 0.000 1.235 0.086 0.044 5.560 6.164 0.025         6.97 23.3 1621 
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43m 1.802 0.143 0.065 0.007 1.020 0.818 0.317 5.425 5.981 0.361 10.176 0.004 11.075 10.184 6.96 23.9 1650 
43L 2.028 0.078 0.400 0.005 1.958 0.000 0.108 1.455 2.557 0.001 4.872 0.009 5.312 4.890 7.25 23.0 801 
45u 2.308 0.157 0.055 0.000 1.951 0.187 0.056 3.273 3.993 0.086         7.10 24.1 1157 
45m 2.070 0.262 0.004 0.004 2.004 0.260 0.137 2.524 3.146 0.443 6.857 0.003 7.463 6.863 6.97 23.7 1044 
45L 1.918 0.070 0.415 0.017 1.975 0.000 0.098 1.489 2.427 0.002 4.804 0.008 5.238 4.819 7.30 23.1 762 
47u 0.000 0.000 0.000 0.000 1.980 0.000 0.020 5.140 5.748           6.96 23.6 1628 
47m 2.037 0.135 0.049 0.000             8.438 0.003 9.183 8.444 6.83 23.1 1329 
47L 1.974 0.073 0.421 0.017 1.962 0.000 0.099 1.459 2.567 0.002         7.19 21.6 780 
50u 2.984 0.209 0.006 0.000 2.329 0.000 0.034 4.415 5.015 0.029         6.85 23.2 1383 
50m 1.976 0.134 0.047 0.000 0.688 0.673 0.159 5.761 6.731           6.80 23.6 1701 
50L 1.878 0.068 0.396 0.014 1.969 0.000 0.099 1.497 2.427 0.002 4.804 0.008 5.238 4.820 7.30 22.6 789 
52u 2.250 0.094 0.000 0.000 2.175 0.180 0.056 2.090 2.716 0.026         7.29 22.9 842 
52m 2.706 0.170 0.000 0.007 1.161 0.215 0.081 3.954 4.069 0.403 8.745 0.004 9.518 8.753 6.96 22.9 1253 
52L 1.991 0.073 0.406 0.014 1.973 0.000 0.099 1.535 2.416 0.004 4.906 0.007 5.349 4.920 7.05 22.5 922 
54u 2.021 0.220 0.000 0.000 1.865 0.126 0.047 5.089 5.038 0.022         7.11 23.8 1383 
54m 2.158 0.221 0.000 0.008 0.302 0.084 0.034 1.048 1.088 0.086 9.921 0.006 10.797 9.933 6.95 23.4 1572 
54L 1.988 0.076 0.422 0.020 1.964 0.000 0.098 1.476 2.508 0.002 4.879 0.007 5.319 4.893 7.32 22.2 773 
55u 2.001 0.125 0.141 0.000 2.002 0.196 0.086 3.494 3.474 0.031         7.15 24.5 1085 
55m 2.203 0.154 0.000 0.000 0.708 0.832 0.155 0.000 0.000 0.174 10.949 0.006 11.916 10.962 6.81 24.2 1713 
55L 2.054 0.075 0.419 0.009 1.959 0.000 0.102 1.461 2.534 0.005 4.843 0.006 5.280 4.855 7.20 23.8 808 
57u 2.010 0.130 0.143 0.000 1.844 0.175 0.064 4.845 4.674 0.024         7.00 23.6 1293 
57m 2.191 0.303 0.000 0.008 1.622 0.602 0.151 3.120 3.590 0.393 7.547 0.002 8.213 7.552 6.85 23.3 1181 
57L 1.958 0.072 0.406 0.034 1.969 0.000 0.100 1.479 2.557 0.003 4.892 0.007 5.333 4.906 7.08 22.5 774 
59u 2.151 0.208 0.000 0.000 1.258 0.112 0.059 4.600 4.703 0.058         6.98 24.7 1260 
59m 2.237 0.177 0.000 0.000 1.607 0.600 0.154 3.123 3.630 0.361 9.665 0.004 10.519 9.673 6.91 24.4 1330 
59L 1.979 0.074 0.412 0.018 1.956 0.000 0.099 1.468 2.544 0.002 4.890 0.011 5.332 4.913 7.24 23.7 785 
62u 2.293 0.000 0.000 0.000 1.229 0.000 0.021 6.045 6.772 0.027         6.91 24.8 1466 
62m 2.078 0.229 0.000 0.000 1.887 0.367 0.186 2.762 3.568 0.233 7.640 0.003 8.314 7.646 7.07 24.3 1023 
62L 2.002 0.074 0.409 0.009 1.968 0.000 0.109 1.466 2.542 0.002 4.899 0.008 5.341 4.914 7.22 23.8 756 
64u 1.894 0.167 0.003 0.000 2.476 0.000 0.066 2.765 3.636 0.023         7.43 25.5 994 
64m 2.207 0.205 0.004 0.013 1.973 0.248 0.150 1.825 2.830 0.132 5.707 0.004 6.211 5.714 7.21 24.8 819 
64L 2.090 0.074 0.438 0.018 1.943 0.000 0.102 1.457 2.539 0.001 4.865 0.006 5.304 4.876 7.23 24.5 750 
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66u 1.797 0.218 0.000 0.000 2.936 0.346 0.165 5.254 3.519 0.025         7.41 24.9 1314 
66m 2.181 0.117 0.048 0.000 2.164 0.389 0.266 2.334 3.440 0.423 8.113 0.003 8.830 8.119 6.88 24.5 1189 
66L 2.070 0.073 0.411 0.019 1.943 0.000 0.101 1.464 2.559 0.002 4.855 0.006 5.293 4.867 7.15 23.7 754 
IN 2.260 0.083 0.329 0.038 2.004 0.000 0.095 1.449 2.456 0.005 4.840 0.006 5.272 4.853 7.16 18.4 816 
Monthly Analysis: August 2005 
Piezo Cl- NO2- SO42-  NO3- Na+ NH4+ K+ Mg2+ Ca2+ HCO3- CO32- CT Alk pH Temp Cond 
Depth mM mM mM mM mM mM mM mM mM mM mM mM mM   oC uS/cm 
2u 1.802 0.076 0.176 0.000 0.828 0.000 0.124 0.677 1.025         6.84 24.5 1605 
2m 2.254 0.199 0.083 0.000 0.936 0.315 0.124 3.748 4.581 8.458 0.003 11.197 8.463 6.78 23.2 1235 
2L 1.805 0.137 0.135 0.000 1.159 0.280 0.113 2.478 3.519 5.055 0.005 6.692 5.065 7.05 22.3 764 
4u 2.109 0.100 0.262 0.000 2.203 0.156 0.130 1.715 2.215 5.551 0.003 6.796 5.556 7.08 23.5 808 
4m 2.051 0.065 0.315 0.000 1.991 0.238 0.113 1.647 2.260 5.208 0.003 6.376 5.214 6.94 22.7 761 
4L 2.001 0.057 0.414 0.000 2.104 0.000 0.144 1.682 2.302         6.99 23.2 726 
7u 1.870 0.057 0.130 0.000 0.996 0.086 0.104 2.608 2.788 10.353 0.006 12.118 10.366 6.70 23.2 1225 
7m 0.000 0.000 0.000 0.000 1.334 0.098 0.108 2.037 2.223 5.478 0.003 6.412 5.483 7.12 21.7 697 
7L 2.193 0.044 0.344 0.000 1.683 0.000 0.107 1.328 2.259 5.198 0.006 6.084 5.209 7.09 22.0 702 
9u 2.791 0.172 0.087 0.000 2.197 0.389 0.167 2.186 2.702 8.956 0.003 10.965 8.963 6.79 22.4 1232 
9m 1.935 0.097 0.221 0.000 1.961 0.320 0.139 1.769 2.487 5.977 0.003 7.318 5.983 7.01 22.2 807 
9L 1.874 0.057 0.321 0.000 2.056 0.310 0.143 1.849 2.563 5.158 0.005 6.315 5.169 7.04 22.1 740 
11u 1.661 0.098 0.246 0.012 1.460 0.159 0.106 1.564 2.530 10.398 0.007 13.766 10.411 6.85 23.1 1415 
11m 1.909 0.134 0.291 0.014 0.819 0.066 0.074 3.644 4.354 8.778 0.003 11.621 8.783 6.64 22.8 1236 
11L 2.045 0.163 0.063 0.000 1.186 0.203 0.088 3.442 4.074 5.613 0.005 7.431 5.623 6.96 22.2 762 
14u 1.913 0.041 0.284 0.000 0.246 0.023 0.037 0.251 0.439 9.129 0.005 10.685 9.138 6.95 22.9 1022 
14m 2.465 0.082 0.070 0.000 1.786 0.284 0.132 2.068 2.640 7.023 0.003 8.219 7.029 7.03 21.9 859 
14L 2.717 0.056 0.447 0.000 1.736 0.000 0.110 1.467 2.311 5.262 0.005 6.159 5.272 7.19 21.0 678 
16u 1.732 0.118 0.148 0.000 0.638 0.147 0.073 1.759 2.041 6.558 0.004 8.682 6.565 6.88 22.6 880 
16m 1.371 0.096 0.070 0.002 1.338 0.199 0.131 1.396 2.277 9.303 0.005 12.316 9.313 6.71 22.2 1332 
16L 1.325 0.151 0.010 0.000 1.916 0.454 0.208 3.014 3.954 5.313 0.017 7.034 5.346 7.21 22.0 744 
18u 1.341 0.228 0.000 0.000 0.511 0.067 0.043 5.744 4.504         6.73 22.6 1404 
18m 3.018 0.194 0.108 0.000 1.336 0.429 0.274 6.241 4.611 10.526 0.004 12.887 10.535 6.70 22.5 1491 
18L 2.235 0.062 0.477 0.000 1.320 0.445 0.276 6.017 4.501 5.082 0.004 6.223 5.091 7.05 22.5 775 
19u 1.759 0.124 0.218 0.011 0.753 0.144 0.092 0.865 1.198 5.931 0.004 7.852 5.939 6.96 23.4 778 
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19m 1.920 0.105 0.135 0.005 1.765 0.110 0.103 1.841 2.572 9.883 0.005 13.084 9.894 6.80 23.4 1314 
19L 1.309 0.179 0.006 0.000 1.404 0.263 0.128 3.719 4.394 5.649 0.004 7.479 5.657 6.88 23.6 742 
21u 2.231 0.115 0.007 0.000 1.696 0.000 0.104 1.412 2.141 8.689 0.004 10.170 8.697 6.94 22.1 940 
21m 0.765 0.052 0.003 0.000 1.881 0.366 0.162 3.159 3.972 9.047 0.005 10.588 9.056 6.93 22.3 1112 
21L 2.306 0.064 0.437 0.038 0.429 0.146 0.053 0.755 0.940 5.201 0.008 6.087 5.218 7.31 21.8 677 
23u 2.116 0.168 0.007 0.000 0.963 0.373 0.200 4.333 3.160 8.033 0.004 9.836 8.041 6.88 23.4 1026 
23m 2.186 0.064 0.371 0.000 1.814 0.219 0.177 3.760 2.532 5.190 0.004 6.354 5.197 7.05 23.4 736 
23L 2.243 0.061 0.505 0.038 0.704 0.085 0.048 0.825 0.757 4.853 0.006 5.942 4.864 7.13 22.8 732 
26u 2.834 0.137 0.060 0.009 1.577 0.119 0.085 5.379 5.019         7.07 21.3 1122 
26m 2.147 0.124 0.044 0.000 0.518 0.046 0.042 1.892 1.692 11.168 0.005 13.071 11.178 7.00 21.6 1229 
26L 2.358 0.065 0.416 0.024 1.711 0.110 0.111 1.740 2.574 5.231 0.007 6.122 5.244 7.24 21.2 708 
28u 1.817 0.099 0.189 0.000 0.023 0.019 0.033 0.096 0.099 9.022 0.005 11.944 9.032 6.83 22.4 1222 
28m 1.884 0.156 0.066 0.000 0.612 0.105 0.060 0.949 1.259 5.663 0.005 7.497 5.673 6.81 22.8 1129 
28L 2.137 0.136 0.160 0.007 2.015 0.344 0.216 2.876 3.913 8.247 0.004 10.918 8.256 7.21 22.6 730 
30u 1.954 0.093 0.156 0.000 2.120 0.171 0.137 1.796 2.045 6.235 0.006 7.634 6.247 7.08 21.7 739 
30m 1.897 0.134 0.073 0.000 0.894 0.077 0.054 0.714 0.786 7.669 0.006 9.390 7.682 6.91 21.9 978 
30L 1.954 0.057 0.395 0.037 1.510 0.116 0.097 1.275 1.238 4.983 0.010 6.101 5.002 7.11 22.0 757 
31u 1.923 0.146 0.003 0.000 2.139 0.000 0.075 2.148 2.505 6.209 0.003 7.602 6.216 6.84 23.3 834 
31m 2.283 0.156 0.069 0.000 3.223 0.421 0.216 3.138 3.259 7.901 0.003 9.674 7.907 6.74 23.1 999 
31L 1.871 0.059 0.326 0.000 2.682 0.370 0.177 2.570 2.590 5.280 0.004 6.465 5.288 6.96 23.3 720 
33u 1.682 0.067 0.292 0.008 0.037 0.028 0.034 0.078 0.099 8.239 0.005 10.908 8.248 6.84 23.1 1057 
33m 1.657 0.174 0.009 0.004 1.887 0.118 0.087 2.509 3.513 9.207 0.004 12.190 9.214 6.79 23.4 1218 
33L 1.506 0.175 0.006 0.000 1.729 0.279 0.106 3.502 4.638 5.701 0.004 7.548 5.709 7.05 23.1 749 
38u 1.444 0.236 0.000 0.000 0.970 0.185 0.069 6.121 3.583         6.82 23.2 1391 
38m 1.914 0.064 0.345 0.000 1.023 0.186 0.070 6.375 3.579 10.574 0.005 12.946 10.583 6.81 23.4 1452 
38L 2.152 0.063 0.481 0.010 2.224 0.000 0.126 1.945 2.364 5.076 0.008 6.215 5.091 7.22 23.2 734 
40u 2.306 0.096 0.090 0.000 1.567 0.113 0.042 3.158 3.646 8.200 0.004 9.597 8.208 7.12 21.7 849 
40m 1.640 0.087 0.048 0.000 1.530 0.102 0.040 2.978 3.386 9.964 0.005 11.662 9.974 7.12 21.0 1152 
40L 2.337 0.057 0.441 0.008 1.824 0.000 0.106 1.439 2.338 5.271 0.009 6.169 5.288 7.38 21.2 670 
42u 1.134 0.085 0.089 0.000 0.073 0.010 0.008 0.160 0.188 5.451 0.003 7.216 5.457 7.03 23.4 727 
42m 1.715 0.094 0.054 0.000 0.006 0.001 0.010 0.010 0.046 7.384 0.005 9.775 7.393 6.82 23.3 995 
42L 1.574 0.170 0.003 0.004 0.023 0.006 0.012 0.058 0.089 5.293 0.007 7.008 5.306 7.08 23.4 723 
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43u 1.847 0.071 0.329 0.012 0.009 0.002 0.013 0.026 0.048         6.89 23.5 1354 
43m 1.923 0.158 0.082 0.000 0.001 0.000 0.013 0.010 0.022 10.630 0.005 14.074 10.639 6.86 24.2 1417 
43L 2.055 0.182 0.073 0.000 0.821 0.145 0.064 1.126 1.574 5.268 0.006 6.975 5.280 7.09 24.1 708 
45u 1.137 0.026 0.219   1.888 0.230 0.065 3.524 0.188 8.786 0.005 10.283 8.796 7.12 21.8 959 
45m 2.379 0.084 0.063 0.007 1.723 0.231 0.117 2.709 3.107 7.463 0.006 8.735 7.475 7.11 21.2 871 
45L 2.349 0.050 0.429 0.010 1.962 0.000 0.108 1.700 2.263 5.025 0.010 5.882 5.046 7.35 21.0 651 
47u         1.929 0.123 0.027 6.294 3.994         6.85 24.5 1434 
47m 2.279 0.141 0.000 0.000 1.686 0.344 0.151 4.716 4.114 8.789 0.004 10.761 8.797 6.78 23.6 1233 
47L 2.351 0.074 0.510 0.019 2.061 0.126 0.124 2.173 2.058         7.26 22.6 706 
50u 3.665 0.135 0.005 0.000 1.990 0.000 0.034 4.506 4.633 9.520 0.003 11.143 9.527 6.99 20.7 1129 
50m 3.158 0.117 0.077 0.000 0.723 0.607 0.159 5.655 6.166         6.92 20.5 1233 
50L 2.143 0.046 0.420 0.022 1.930 0.000 0.114 1.622 2.203 5.137 0.013 6.013 5.164 7.39 19.8 628 
52u 2.103 0.073 0.364 0.000 1.712 0.243 0.146 2.703 2.915 6.310 0.007 8.355 6.324 7.08 22.9 758 
52m 1.893 0.101 0.055 0.000 0.650 0.115 0.057 0.853 0.992 8.142 0.006 10.779 8.154 6.80 22.6 1101 
52L 1.957 0.128 0.144 0.007 1.382 0.253 0.083 2.894 3.052 4.947 0.018 6.550 4.983 7.22 22.4 688 
54u 1.701 0.238 0.020 0.000 1.934 0.193 0.077 4.399 2.243         6.98 22.4 1232 
54m 2.297 0.177 0.078 0.000 1.772 0.409 0.186 6.073 3.840 10.191 0.005 12.477 10.202 6.84 22.6 1396 
54L 2.088 0.061 0.430 0.017 2.222 0.000 0.127 2.123 2.264         7.26 22.1 707 
55u 1.292 0.055 0.258 0.007 1.777 0.000 0.101 1.637 2.265 5.632 0.005 7.456 5.642 7.18 23.4 784 
55m 1.408 0.075 0.189 0.000 0.062 0.007 0.017 0.074 0.084 10.781 0.005 14.273 10.790 6.76 23.6 1443 
55L 1.944 0.138 0.147 0.000 0.004 0.000 0.002 0.014 0.011 5.176 0.005 6.852 5.185 7.07 23.8 712 
57u 2.276 0.204 0.000 0.000 1.913 0.224 0.087 4.955 3.414 5.766 0.049 7.059 5.863 6.84 23.0 1141 
57m 2.063 0.187 0.012 0.000 3.993 0.267 0.216 3.100 3.034 8.151 0.004 9.979 8.158 6.80 22.7 1041 
57L 1.977 0.065 0.419 0.025 2.250 0.000 0.127 1.975 2.415 5.046 0.006 6.178 5.057 7.12 22.6 679 
59u 2.521 0.120 0.048 0.000 1.282 0.176 0.070 4.997 4.506 9.624 0.010 11.264 9.643 7.16 20.7 1004 
59m 2.368 0.118 0.046 0.000 0.847 0.285 0.110 4.749 4.565 9.354 0.004 10.948 9.362 7.03 20.7 1004 
59L 2.460 0.067 0.442 0.016 1.915 0.000 0.113 1.591 2.463 5.193 0.009 6.078 5.211 7.04 20.3 772 
62u 2.390 0.216 0.005 0.000 2.180 0.132 0.123 1.976 2.365 9.386 0.005 11.491 9.395 6.83 24.0 1164 
62m 2.096 0.132 0.075 0.000 2.187 0.255 0.247 2.695 2.535 6.663 0.004 8.158 6.670 6.91 24.4 874 
62L 1.848 0.059 0.327 0.004 2.155 0.147 0.136 2.083 2.484 5.086 0.006 6.228 5.098 7.09 23.9 694 
64u 2.189 0.089 0.048 0.000 2.305 0.000 0.060 2.826 3.251 7.651 0.018 8.955 7.687 7.27 20.4 792 
64m 2.382 0.063 0.184 0.000 1.876 0.166 0.134 1.663 2.460 5.362 0.006 6.276 5.374 7.20 20.4 666 
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64L 2.399 0.046 0.423 0.018 1.817 0.000 0.108 1.654 2.529 5.283 0.006 6.183 5.295 7.22 19.9 627 
66u 1.845 0.079 0.312 0.006 0.673 0.051 0.041 0.668 0.917 6.485 0.008 8.586 6.501 7.25 23.9 1146 
66m 1.736 0.162 0.099 0.003 2.412 0.392 0.157 4.874 4.075 8.305 0.003 10.996 8.312 6.88 23.9 1065 
66L 2.179 0.207 0.011 0.005 0.003 0.007 0.016 0.025 0.013 9.988 0.018 13.224 10.025 7.16 23.7 700 
IN 2.081 0.117 0.337 0.032 1.802 0.000 0.094 1.424 2.244 4.899 0.007 6.167 4.913 6.94 20.3 747 
 
Monthly Analysis September 2005 
Piezo Cl- NO2- SO42-  NO3- Na+ NH4+ K+ Mg2+ Ca2+ Fe2+ HCO3- CO32- CT Alk pH Tem Cond 
Depth mM mM mM mM mM mM mM mM mM mM mM mM mM mM  oC uS/cm 
2u 2.078 0.066 0.423 0.021 1.020 0.000 0.068 0.882 1.327 0.755         6.49 21.0 611 
2m 2.061 0.066 0.404 0.019 1.959 0.000 0.123 1.610 2.757 0.132 9.216 0.003 11.817 9.223 6.49 23.4 1146 
2L 1.646 0.266 0.010 0.007 1.693 0.394 0.121 4.047 5.649 0.007 4.998 0.004 6.408 5.006 6.79 23.1 944 
4u 1.977 0.104 0.185 0.000 1.942 0.000 0.146 1.605 2.462 0.000 5.522 0.003 6.646 5.522 6.54 22.3 728 
4m 1.965 0.069 0.282 0.000 0.850 0.000 0.117 0.710 1.019 0.000 5.218 0.003 6.286 5.224 6.59 21.7 679 
4L 2.041 0.066 0.419 0.000 1.030 0.073 0.107 0.897 1.273 0.002 5.018 0.006 6.045 5.029 6.74 21.7 650 
7u                   0.306         6.76 22.8 775 
7m                   0.007         6.95 22.7 565 
7L                   0.002         7.01 23.4 556 
9u 2.352 0.228 0.010 0.000 2.257 0.220 0.161 3.777 5.784 0.011         6.73 21.1 905 
9m 1.960 0.102 0.240 0.000 1.902 0.224 0.130 1.690 2.969 0.003 5.051 0.002 6.085 5.055 6.90 21.7 678 
9L 1.956 0.104 0.241 0.000 1.203 0.142 0.111 1.053 1.766 0.000         7.03 21.5 622 
11u 1.627 0.260 0.010 0.007 0.934 0.103 0.053 6.061 7.599 0.026 10.521 0.004 13.490 10.529 6.88 22.8 982 
11m 2.067 0.099 0.215 0.008 1.384 0.254 0.080 4.256 5.136 0.586 8.369 0.002 10.730 8.373 6.81 22.6 862 
11L 2.110 0.147 0.005 0.000 1.368 0.281 0.065 3.911 4.905 0.008 5.674 0.003 7.276 5.680 6.94 22.7 673 
14u                   0.196         6.90 22.5 740 
14m                   0.103         6.93 22.0 696 
14L                   0.000         7.07 22.5 598 
16u 2.075 0.141 0.006 0.000 1.010 0.136 0.046 2.717 3.341 0.036 6.846 0.003 8.778 6.851 6.92 22.6 741 
16m 1.904 0.065 0.404 0.026 2.349 0.410 0.216 3.572 4.839 0.428 9.341 0.003 11.977 9.348 6.81 22.3 1026 
16L 1.893 0.067 0.398 0.026 2.074 0.000 0.118 1.704 2.744 0.000 5.528 0.008 7.088 5.544 7.23 22.6 599 
18u 1.573 0.295 0.000 0.000 0.438 0.097 0.044 6.194 7.805 0.114         6.94 21.2 990 
18m 2.206 0.205 0.086 0.000 1.112 0.747 0.275 6.227 6.711 0.441 10.518 0.005 12.671 10.528 6.85 21.7 1097 
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18L 1.969 0.065 0.434 0.008 2.157 0.000 0.140 1.807 2.967 0.000 5.236 0.004 6.307 5.244 7.17 22.1 637 
19u 1.919 0.216 0.006 0.000 2.007 0.000 0.085 1.971 3.062 0.030 6.009 0.003 7.705 6.014 7.18 22.8 618 
19m 1.940 0.096 0.201 0.000 0.878 0.072 0.048 1.686 2.164 0.669 9.678 0.004 12.409 9.685 6.94 22.5 963 
19L 0.338 0.025 0.032 0.000 1.991 0.202 0.144 1.665 2.884 0.018 5.403 0.003 6.928 5.410 7.10 23.2 629 
21u                   0.176         6.84 22.0 803 
21m                   0.393         6.84 22.2 852 
21L                   0.000         7.21 22.6 551 
23u 2.142 0.077 0.298 0.005 2.086 0.000 0.140 1.782 3.010 0.009 7.187 0.004 8.659 7.195 7.15 21.6 671 
23m 2.145 0.125 0.099 0.004 1.860 0.000 0.120 1.523 2.434 0.012 5.011 0.003 6.037 5.018 7.22 21.4 585 
23L 1.883 0.065 0.414 0.029 2.192 0.000 0.133 1.946 2.886 0.000 5.183 0.010 6.244 5.202 7.30 21.2 608 
26u                   0.227         7.15 23.0 800 
26m                   1.043         6.98 22.6 875 
26L                   0.002         7.27 22.9 560 
28u 1.861 0.215 0.011 0.007 0.637 0.076 0.051 0.805 1.080 0.107 9.192 0.003 11.786 9.198 6.93 22.9 942 
28m 1.014 0.117 0.006 0.000 2.387 0.369 0.240 3.253 4.831 0.136 8.431 0.004 10.810 8.438 6.92 22.6 893 
28L 1.879 0.206 0.029 0.006 2.083 0.000 0.135 1.680 2.903 0.005 5.166 0.007 6.624 5.180 7.19 22.3 617 
30u 1.951 0.096 0.183 0.000 2.105 0.189 0.151 1.817 2.888 0.000 5.274 0.006 6.353 5.285 7.35 21.3 576 
30m 2.082 0.128 0.084 0.000 2.096 0.177 0.149 1.784 2.859 0.070 6.823 0.003 8.220 6.830 7.14 21.1 751 
30L 1.902 0.065 0.421 0.033 2.140 0.000 0.125 1.877 3.077 0.000 4.864 0.008 5.859 4.879 7.28 21.2 603 
31u 1.983 0.121 0.054 0.000 1.497 0.064 0.098 1.347 2.219 0.000 6.219 0.003 7.492 6.225 7.26 20.8 662 
31m 2.023 0.152 0.073 0.000 2.109 0.262 0.206 3.670 4.651 0.129 8.157 0.003 9.827 8.163 7.02 20.9 881 
31L 1.969 0.068 0.374 0.000 2.086 0.121 0.135 1.792 2.969 0.001 5.062 0.003 6.098 5.069 7.22 21.2 601 
33u 0.000 0.000 0.000 0.000 2.071 0.000 0.131 1.685 2.922 0.004 8.283 0.003 10.621 8.290 7.08 22.9 782 
33m 0.985 0.099 0.007 0.000 2.039 0.365 0.154 4.319 5.777 0.125 9.179 0.003 11.769 9.185 6.92 22.6 922 
33L 2.076 0.096 0.203 0.005 2.049 0.195 0.151 1.790 2.940 0.006 5.221 0.002 6.694 5.226 7.10 23.1 622 
38u 1.511 0.261 0.000 0.000 0.884 0.163 0.074 7.696 7.859 0.000         7.20 20.9 925 
38m 2.036 0.242 0.011 0.000 1.243 0.902 0.253 6.663 6.246 0.503 10.252 0.004 12.351 10.259 6.92 20.9 1027 
38L 1.587 0.201 0.009 0.000 1.237 0.887 0.248 6.598 6.134 0.002 4.999 0.006 6.022 5.010 7.27 21.0 603 
40u                   0.173         6.99 23.1 643 
40m                   0.171         7.20 22.9 793 
40L                   0.000         7.23 22.8 543 
42u 2.092 0.122 0.006 0.000 2.129 0.117 0.087 2.007 2.936 0.051 5.684 0.002 7.288 5.688 7.17 22.8 618 
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42m 1.852 0.136 0.074 0.001 0.249 0.024 0.013 0.275 0.412 0.261 7.601 0.003 9.746 7.607 6.96 22.2 808 
42L 2.048 0.065 0.405 0.022 2.065 0.000 0.113 1.698 2.863 0.006 5.090 0.008 6.527 5.106 7.16 22.4 596 
43u 2.034 0.066 0.412 0.021 1.688 0.172 0.070 6.333 7.001 0.055 10.333 0.006 13.249 10.345 7.01 22.2 998 
43m 2.010 0.066 0.391 0.021 1.156 0.897 0.409 6.513 7.277 0.151 10.623 0.004 13.621 10.632 6.86 22.4 1102 
43L 0.940 0.055 0.174 0.009 2.114 0.000 0.126 1.755 2.873 0.008 5.055 0.004 6.481 5.063 7.29 22.4 609 
45u                   0.000         7.37 23.6 706 
45m                   0.183         7.12 23.2 756 
45L                   0.000         7.33 23.0 534 
47u 4.667 0.315 0.016 0.000 2.120 0.164 0.043 7.133 7.309 0.071         7.13 21.1 996 
47m 2.141 0.222 0.010 0.000 1.363 0.420 0.169 5.081 5.316 0.662 9.547 0.003 11.501 9.553 6.96 21.0 927 
47L 0.784 0.110 0.004 0.000 8.722 0.000 0.079 1.837 2.891 0.000 5.185 0.010 6.246 5.205 7.20 20.9 598 
50u                   0.663         7.03 22.5 830 
50m                   0.387         6.93 22.0 896 
50L                   0.000         7.30 21.9 532 
52u 0.906 0.088 0.054 0.001 2.118 0.218 0.067 2.103 2.885 0.006 5.767 0.002 7.395 5.772 7.22 22.6 628 
52m 2.124 0.196 0.003 0.000 1.559 0.186 0.097 5.311 5.803 0.449 8.777 0.003 11.254 8.784 7.04 22.0 851 
52L 1.902 0.079 0.381 0.007 2.066 0.127 0.131 1.949 2.690 0.000 5.015 0.008 6.431 5.031 7.20 22.4 593 
54u 1.858 0.164 0.136 0.012 2.026 0.125 0.034 6.718 6.665 0.029 9.790 0.009 11.794 9.807 7.17 20.9 899 
54m 1.872 0.265 0.000 0.000 1.898 0.122 0.033 6.410 6.222 0.000 10.270 0.006 12.373 10.282 7.01 20.9 984 
54L 1.898 0.064 0.434 0.022 1.599 0.480 0.196 6.978 6.170 0.000 5.202 0.013 6.267 5.227 7.34 20.9 604 
55u 2.073 0.078 0.303 0.000 1.887 0.229 0.098 2.388 3.296 0.008 5.656 0.004 7.252 5.665 7.28 22.1 607 
55m 2.379 0.158 0.140 0.000 0.271 0.049 0.016 0.390 0.554 0.670 10.630 0.005 13.630 10.641 6.91 23.0 1051 
55L 1.911 0.070 0.372 0.012 2.029 0.138 0.134 1.954 3.051 0.004 5.068 0.004 6.498 5.076 7.24 22.8 612 
57u 2.126 0.135 0.224 0.011 1.230 0.324 0.126 3.735 3.469 0.208 9.478 0.004 11.418 9.487 7.22 20.7 886 
57m 0.491 0.061 0.027 0.000 2.184 0.205 0.125 4.642 4.067 0.269 10.112 0.003 12.182 10.119 6.99 20.6 822 
57L 1.977 0.065 0.419 0.025 2.222 0.000 0.120 2.781 3.172 0.002 5.620 0.006 6.771 5.633 7.21 20.6 599 
59u                   0.000         7.26 22.2 734 
59m                   0.406         7.13 21.7 745 
59L                   0.000         7.40 22.2 521 
62u 1.542 0.216 0.005 0.000 1.607 0.105 0.065 5.260 5.860 0.000 8.794 0.005 10.594 8.805 7.22 21.3 815 
62m 2.117 0.126 0.049 0.013 2.032 0.378 0.259 2.796 3.691 0.239 6.710 0.003 8.084 6.716 7.22 21.1 674 
62L 1.944 0.066 0.411 0.004 1.586 0.284 0.192 2.151 2.826 0.006 5.424 0.004 6.535 5.433 7.22 20.9 626 
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64u                   0.034         7.33 22.2 525 
64m                   0.032         7.42 22.0 520 
64L                   0.000         7.44 21.7 528 
66u 1.957 0.067 0.365 0.011 2.996 0.441 0.179 5.668 5.448 0.052 9.836 0.009 12.611 9.854 7.17 22.4 988 
66m 1.500 0.122 0.118 0.000 2.454 0.419 0.315 3.184 4.419 0.190 7.634 0.002 9.789 7.639 7.35 21.9 798 
66L 1.892 0.065 0.382 0.012 2.080 0.121 0.134 1.879 2.898 0.011 4.788 0.005 6.139 4.799 7.29 22.2 584 
IN 1.644 0.072 0.370 0.034 1.800 0.000 0.112 1.487 2.618 0.002 4.984 0.005 6.198 4.995 6.76 20.5 584 
Monthly Analysis December 2005 
Piezo Cl- NO2- SO42-  NO3- Na+ NH4+ K+ Mg2+ Ca2+ HCO3- CO32- CT Alk pH Temp Cond 
Depth mM mM mM mM mM mM mM mM mM mM mM mM mM   oC uS/cm 
2u                           7.08 5.9 747 
2m 1.208 0.000 0.203 0.000           8.625 0.001 15.476 8.627 7.28 6.3 588 
2L 1.959 0.009 0.302 0.000 1.117 0.277 0.040 2.435 3.295 5.002 0.001 8.975 5.004 7.19 7.1 485 
4u                                 
4m                                 
4L                                 
7u                                 
7m                                 
7L                                 
9u                                 
9m                                 
9L                                 
11u 1.854 0.000 0.014 0.000 1.384 0.000 0.049 1.226 1.902         7.13 5.0 641 
11m 2.012 0.023 0.278 0.000 0.703 0.000 0.001 4.403 4.310 9.214 0.002 16.534 9.217 7.03 5.5 591 
11L 1.973 0.054 0.233 0.000 1.020 0.279 0.022 2.907 3.357 6.723 0.002 12.064 6.727 7.01 6.0 353 
14u                                 
14m                                 
14L                                 
16u 1.699 0.000 0.070 0.000 1.498 0.224 0.083 1.440 2.487         6.96 6.0 492 
16m 1.853 0.013 0.418 0.043 1.573 0.229 0.082 1.422 2.237 7.743 0.001 13.894 7.745 6.78 6.4 625 
16L 0.092 0.000 0.016 0.000 1.443 0.431 0.120 2.121 2.771 5.009 0.002 8.988 5.012 7.08 6.7 457 
18u                                 
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18m                                 
18L                                 
19u 1.759 0.113 0.076 0.000 1.569 0.000 0.058 1.329 2.032         7.13 5.5 291 
19m 1.447 0.090 0.063 0.000 1.467 0.000 0.008 1.627 2.288 9.214 0.003 16.533 9.219 6.94 6.0 587 
19L 1.746 0.083 0.157 0.000 0.291 0.051 0.017 1.123 1.308 5.209 0.001 9.347 5.211 7.03 6.0 312 
21u                                 
21m                                 
21L                                 
23u                                 
23m                                 
23L                                 
26u                                 
26m                                 
26L                                 
28u 1.822 0.011 0.307 0.000 0.182 0.029 0.004 0.686 0.713         7.07 5.2 293 
28m 1.804 0.012 0.296 0.000 1.570 0.339 0.075 1.660 2.314 5.148 0.001 9.237 5.149 7.03 5.9 303 
28L 1.826 0.012 0.333 0.000 1.492 0.305 0.079 1.307 2.070 5.082 0.001 9.120 5.085 7.07 6.5 310 
30u                                 
30m                                 
30L                                 
31u                                 
31m                                 
31L                                 
33u 0.208 0.000 0.038 0.000 1.687 0.000 0.064 1.417 2.169         7.17 5.1 303 
33m 2.037 0.087 0.151 0.000 1.550 0.159 0.042 1.452 2.231 7.623 0.002 13.679 7.626 7.02 5.9 588 
33L 1.841 0.077 0.137 0.000 1.519 0.269 0.052 2.674 3.268 4.828 0.001 8.664 4.830 7.18 6.2 292 
38u                                 
38m                                 
38L                                 
40u                                 
40m                                 
40L                                 
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42u 1.790 0.009 0.294 0.000 1.680 0.000 0.063 1.380 2.189         7.22 5.2 279 
42m 1.723 0.008 0.288 0.000 1.661 0.141 0.040 1.421 2.079 5.082 0.000 9.120 5.083 7.18 5.8 288 
42L 1.476 1.112 0.541 0.000 1.510 0.000 0.022 1.395 2.060 4.658 0.001 8.358 4.660 7.18 6.1 287 
43u 2.069 0.175 0.018 0.000 1.659 0.000 0.059 1.507 2.168         7.16 5.0 596 
43m 1.858 0.150 0.018 0.000 1.320 0.182 0.022 4.506 4.383 9.957 0.005 17.867 9.967 6.98 5.2 684 
43L 1.615 0.036 0.334 0.000 1.030 0.914 0.316 5.561 4.779 4.803 0.001 8.619 4.805 7.33 6.0 309 
45u                                 
45m                                 
45L                                 
47u                                 
47m                                 
47L                                 
50u                                 
50m                                 
50L                                 
52u 1.654 0.038 0.340 0.000 1.895 0.000 0.363 1.533 2.337         7.33 4.3 277 
52m 1.876 0.091 0.058 0.000 1.584 0.254 0.032 1.654 2.309 8.582 0.002 15.401 8.587 7.26 4.6 366 
52L 1.441 0.032 0.310 0.030 0.478 0.083 0.006 0.516 0.681 4.901 0.002 8.795 4.904 7.33 5.2 447 
54u                                 
54m                                 
54L                                 
55u 1.607 0.074 0.081 0.000 1.791 0.000 0.075 1.568 2.101         7.44 4.2 295 
55m 1.755 0.102 0.062 0.028 0.481 0.031 0.006 0.671 0.540 9.131 0.004 16.386 9.138 7.24 4.1 678 
55L 1.714 0.005 0.397 0.027 0.578 0.723 0.099 5.090 3.913 4.963 0.001 8.907 4.966 7.27 5.2 293 
57u                                 
57m                                 
57L                                 
59u                                 
59m                                 
59L                                 
62u                                 
62m                                 
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62L                                 
64u                                 
64m                                 
64L                                 
66u 0.200 0.000 0.045 0.000 1.776 0.000 0.079 1.529 2.347         7.33 6.2 326 
66m 1.757 0.069 0.114 0.000 0.007 0.000 0.000 0.043 0.065 5.437 0.002 9.757 5.440 7.26 5.3 305 
66L 1.644 0.002 0.386 0.042 1.573 0.258 0.149 1.400 2.139 4.897 0.002 8.787   7.39 5.3 278 
IN 1.935 0.012 0.394 0.040 1.402 0.000 0.050 1.180 2.177 5.395 0.003 9.681 5.402 7.44 11.5 432 
Monthly Analysis: January 2006 
Piezo Cl- NO2- SO42-  NO3- Na+ NH4+ K+ Mg2+ Ca2+ HCO3- CO32- CT Alk pH Temp Cond 
Depth mM mM mM mM mM mM mM mM mM mM mM mM mM   oC uS/cm 
2u 1.179 0.000 0.072 0.000 0.825 0.170 0.087 5.726 5.502               
2m 1.422 0.121 0.137 0.000 1.308 0.170 0.061 2.143 2.651 6.255 0.001 14.130 6.256       
2L 1.486 0.064 0.381 0.004 1.554 0.000 0.089   2.273 4.809 0.001 10.864 4.810       
4u 1.568 0.072 0.312 0.000 1.574 0.171 0.089 1.620 2.454               
4m 1.453 0.065 0.283 0.000 1.405 0.240 0.076   2.014 4.409 0.000 9.961 4.410       
4L 1.708 0.065 0.471 0.005 1.625 0.000 0.094 1.470 2.426 4.972 0.001 11.233 4.975       
7u 1.712 0.000 0.003 0.000 1.419 0.322 0.103 3.777 4.250               
7m 1.485 0.064 0.311 0.000 1.586 0.000 0.093 1.460 2.224 4.661 0.001 10.529 4.662       
7L 1.591 0.066 0.356 0.000 1.680 0.000 0.106 1.487 2.357 5.185 0.002 11.712 5.188       
9u 1.817 0.000 0.003 0.000 1.761 0.368 0.112 3.541 4.630               
9m 1.516 0.066 0.321 0.000 1.498 0.186 0.103   2.247 4.997 0.004 11.288 5.004       
9L 1.593 0.067 0.364 0.000 1.733 0.000 0.099 1.496 2.354 4.996 0.002 11.286 5.000       
11u 1.672 0.000 0.082 0.000 0.862 0.000 0.035 4.859 5.166               
11m 1.488 0.000 0.003 0.000 1.138 0.306 0.054 3.144 3.844 8.350 0.001 18.862 8.352       
11L 1.625 0.069 0.323 0.000 1.718 0.000 0.100 1.518 2.453 5.242 0.001 11.841 5.245       
14u 1.593 0.000 0.062 0.000 1.250 0.429 0.075 3.037 3.955               
14m 1.310 0.061 0.277 0.000 1.302 0.175 0.100   1.921 4.140 0.001 9.352 4.142       
14L 1.595 0.066 0.380 0.000 1.549 0.000 0.086   2.347 5.011 0.002 11.320 5.015       
16u 1.584 0.121 0.170 0.000 1.538 0.354 0.109 1.969 2.607               
16m 1.043 0.094 0.079 0.000 1.252 0.178 0.105   1.750 4.485 0.001 10.133 4.487       
16L 0.858 0.048 0.235 0.000 1.086 0.000 0.068   1.414 4.043 0.001 9.133 4.046       
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18u 1.711 0.000 0.005 0.000 0.515 0.082 0.029 5.416                 
18m 1.620 0.000 0.004 0.000 1.053 0.302 0.146 4.856 4.685 9.608 0.003 21.705 9.614       
18L 1.628 0.065 0.440 0.010 1.700 0.000 0.133 1.501 2.361 5.178 0.002 11.698 5.183       
19u 0.017 0.015 0.018 0.000 1.686 0.000 0.055 1.703 2.381               
19m 1.494 0.000 0.059 0.000 1.205 0.000 0.065 2.926 3.114 7.499 0.003 16.941 7.504       
19L 1.596 0.066 0.362 0.000 1.716 0.000 0.096 1.459 2.312 4.944 0.002 11.168 4.947       
21u 1.659 0.000 0.071 0.000 1.736 0.310 0.099 2.497 3.452               
21m 1.560 0.000 0.000 0.000 1.624 0.317 0.118 2.225 2.938 6.787 0.002 15.333 6.791       
21L 1.552 0.063 0.419 0.019 1.704 0.000 0.097 1.486 2.389 4.967 0.006 11.221 4.979       
23u 1.609 0.108 0.178 0.000 1.616 0.302 0.114 1.721 2.466               
23m 1.331 0.059 0.293 0.000 1.449 0.000 0.092   1.968 4.724 0.002 10.671 4.728       
23L 1.584 0.064 0.425 0.022 1.681     1.443   5.004 0.002 11.304 5.009       
26u 1.689 0.000 0.086 0.000 1.415 0.000 0.028 4.598 4.334               
26m 1.542 0.000 0.000 0.000 0.719 0.346 0.074 4.759 5.197 9.927 0.005 22.425 9.937       
26L 1.601 0.064 0.402 0.021 1.655       2.375 5.158 0.003 11.652 5.164       
28u 1.618 0.121 0.077 0.000 1.695 0.335 0.117 2.105 2.878               
28m 1.475 0.096 0.154 0.000 1.565 0.300 0.117   2.062 4.730 0.001 10.686 4.733       
28L 1.568 0.064 0.396 0.006 1.721 0.000 0.096 1.485 2.304 5.079 0.003 11.474 5.084       
30u 1.580 0.065 0.300 0.000 1.673 0.000 0.098 1.516 2.268               
30m 1.685 0.064 0.340 0.000 1.577 0.323 0.122 1.564 2.387 4.997 0.002 11.288 5.000       
30L 1.569 0.062 0.413 0.023 1.617 0.000 0.089   2.254 4.781 0.002 10.800 4.785       
31u 1.586 0.066 0.336 0.000 1.614 0.288 0.089 1.470 2.189               
31m 1.635 0.132 0.167 0.000 1.687 0.222 0.141 2.578 3.115 7.032 0.003 15.884 7.038       
31L 1.591 0.064 0.405 0.006 1.646 0.000 0.098 1.436 2.344 5.053 0.005 11.415 5.064       
33u 1.603 0.065 0.362 0.000 1.726 0.000 0.081   2.246               
33m 1.713 0.000 0.178 0.000 1.663 0.238 0.068 2.617 3.905 7.164 0.002 16.184 7.169       
33L 1.600 0.064 0.406 0.000 1.684 0.000 0.094 1.462 2.332 5.061 0.002 11.433 5.066       
38u 1.556 0.000 0.087 0.000 0.765 0.162 0.053 5.407 5.559               
38m 1.750 0.000 0.006 0.000 1.211 0.506 0.156 4.670 3.895 9.073 0.003 12.072 9.073       
38L 1.589 0.062 0.409 0.011 1.663 0.000 0.091 1.498 2.405 5.358 0.002 7.134 5.362       
40u 0.000 0.000 0.000 0.000                         
40m 1.241 0.126 0.088 0.005 1.086 0.214 0.094 2.538 2.961 7.028 0.003 9.357 7.034       
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40L 1.582 0.063 0.402 0.019 1.735 0.000 0.108 1.555 2.385 5.001 0.002 6.658 5.005       
42u 1.619 0.063 0.344 0.000 1.691 0.000 0.077   2.204               
42m 1.115 0.054 0.215 0.000 1.147 0.000 0.054   1.638 4.054 0.000 5.397 4.055       
42L 1.597 0.062 0.425 0.022 1.737 0.000 0.097 1.485 2.328 4.241 0.001 5.647 4.243       
43u 1.625 0.000 0.005 0.000 1.181 0.000 0.025 4.963 4.756               
43m 1.692 0.000 0.003 0.000 0.830 0.935 0.273 5.150 4.956 9.833 0.002 13.092 9.838       
43L 1.609 0.063 0.402 0.000 1.634 0.000 0.098 1.437 2.328 4.929 0.001 6.563 4.932       
45u 2.018 0.131 0.155 0.000 1.682 0.257 0.085 2.851 3.197               
45m 1.704 0.000 0.081 0.009 1.525 0.480 0.162 3.250 3.452 7.676 0.002 10.221 7.681       
45L 1.565 0.063 0.402 0.010 1.760 0.000 0.102 1.546 2.707 4.978 0.002 6.628 4.982       
47u 7.179 0.000 0.080 0.000 2.089 0.000 0.015 6.010 5.397               
47m 1.752 0.000 0.098 0.000 1.171 0.361 0.110 3.522 3.748 8.681 0.002 11.558 8.684       
47L 1.610 0.061 0.413 0.015 1.723 0.000 0.094 1.671 2.389 5.136 0.002 6.839 5.140       
50u 2.955 0.000 0.000 0.000 1.700 0.000 0.015 4.976 4.964               
50m 2.471 0.000 0.003 0.000 0.655 0.734 0.146 5.918 3.646 10.523 0.004 14.011 10.531       
50L 1.616 0.061 0.406 0.013 1.662 0.000 0.094 1.490 2.370 5.159 0.003 6.869 5.164       
52u 1.596 0.063 0.262 0.000 1.747 0.248 0.075 1.665 2.089               
52m 1.693 0.000 0.002 0.000 1.310 0.351 0.132 3.429 3.646 8.250 0.002 10.985 8.254       
52L 1.585 0.062 0.401 0.014 1.675   0.098 1.536 2.346 5.147 0.002 6.852 5.150       
54u 1.323 0.000 0.008 0.000 1.056 0.000 0.022 5.450 4.836               
54m 1.620 0.000 0.005 0.000 1.057 0.291 0.093 4.495 3.941 8.931 0.003 11.891 8.936       
54L 1.596 0.061 0.410 0.021 1.700 0.000 0.101 1.618 2.610 5.045 0.002 6.717 5.049       
55u 1.487 0.000 0.003 0.000 1.811 0.000 0.055 3.742 3.574               
55m 1.601 0.000 0.006 0.000 0.421 0.807 0.108 5.424 5.391 10.177 0.003 13.550 10.183       
55L 1.584 0.064 0.409 0.004 1.721 0.000 0.102 1.534 2.387 5.002 0.002 6.660 5.005       
57u 1.819 0.000 0.081 0.000 1.539 0.246 0.048 2.841 3.199               
57m 1.850 0.000 0.003 0.000 1.542 0.436 0.121 2.829 3.835 7.695 0.002 10.245 7.698       
57L 1.603 0.063 0.422 0.021 1.732 0.000 0.102 1.539 2.357 5.138 0.001 6.841 5.141       
59u 1.667 0.000 0.000 0.000 1.224 0.187 0.039 4.273 4.355               
59m 1.680 0.000 0.000 0.000 0.744 0.361 0.137 5.032 4.449 9.555 0.005 12.722 9.565       
59L 1.585 0.062 0.406 0.016 1.693 0.000 0.097 1.513 2.384 5.305 0.002 7.064 5.310       
62u 1.860 0.000 0.007 0.000 1.387 0.000 0.032 3.632 3.874               
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62m 0.899 0.049 0.220 0.004 0.928 0.205 0.073   1.503 3.496 0.001 4.654 3.497       
62L 1.577 0.064 0.401 0.009 1.608 0.000 0.092 1.422 2.340 5.184 0.002 6.903 5.187       
64u 1.560 0.063 0.289 0.000 1.704 0.000 0.070 1.547 2.189               
64m 1.076 0.051 0.252 0.000 1.146 0.000 0.069   1.661 3.733 0.000 4.970 3.734       
64L 1.597 0.063 0.411 0.019 1.561 0.000 0.089 1.382 2.247 5.011 0.002 6.671 5.014       
66u 1.593 0.110 0.179 0.000 1.626 0.515 0.108 2.129 2.487               
66m 1.367 0.090 0.207 0.000 1.458 0.287 0.113   2.084 4.496 0.001 5.986 4.497       
66L 1.582 0.062 0.400 0.017 1.694 0.000 0.096 1.533 2.209 4.876 0.001 6.493 4.879       
IN 1.588 0.063 0.397 0.021 1.688 0.000 0.095 1.475 2.305 5.083 0.008 11.483 5.100       
Monthly Analysis: March 2006 
Piezo Cl- NO2- SO42-  NO3- Na+ NH4+ K+ Mg2+ Ca2+ HCO3- CO32- CT Alk pH Temp Cond 
Depth mM mM mM mM mM mM mM mM mM mM mM mM mM   oC uS/cm 
2u 1.344 0.327 0.012 0.003 0.490 0.178 0.058 3.918 2.733     6.83 10.3 453 
2m 1.866 0.116 0.209 0.000 0.753 0.214 0.047 0.992 1.190 5.819 0.001 8.303 5.822 6.93 10.5 197 
2L 2.014 0.073 0.486 0.012 1.500 0.000 0.089 1.400 0.738 5.344 0.001 7.625 5.346 7.05 11.0 188 
4u 1.312 0.074 0.249 0.000 1.477 0.240 0.085 1.379 2.135     6.89 12.0 182 
4m 2.061 0.091 0.380 0.000 1.493 0.197 0.080 1.411 2.239 4.549 0.003 5.480 4.554 6.80 11.9 182 
4L 1.487 0.068 0.336 0.005 1.492 0.000 0.088 1.385 2.384 5.107 0.001 6.153 5.109 6.80 13.0 186 
7u 1.775 0.232 0.009 0.000 1.089 0.366 0.094 3.038 3.557 8.884 0.003 11.391 8.889 6.73 12.9 208 
7m 1.789 0.122 0.307 0.005 1.511 0.000 0.089 1.413 2.376 5.900 0.002 7.565 5.904 6.87 12.7 188 
7L 1.732 0.072 0.417 0.000 1.541 0.000 0.091 1.387 2.378 4.930 0.002 6.321 4.933 6.88 12.5 185 
9u 1.578 0.162 0.088 0.000 1.627 0.390 0.102 2.731 4.136     6.72 12.6 222 
9m 1.566 0.083 0.373 0.000 1.525 0.204 0.093 1.515 2.489 5.267 0.001 6.345 5.269 6.87 12.8 191 
9L 1.354 0.074 0.268 0.000 1.485 0.000 0.086 1.420 2.367 5.135 0.001 6.186 5.137 6.91 12.8 186 
11u 2.204 0.284 0.009 0.005 0.507 0.038 0.028 3.177 1.799     6.92 9.9 224 
11m 1.796 0.236 0.003 0.000 0.764 0.153 0.037 2.388 2.207 9.993 0.001 14.259 9.996 6.85 9.7 213 
11L 2.037 0.080 0.337 0.000 0.079 0.022 0.034 0.173 0.250 5.498 0.001 7.845 5.501 6.95 10.6 186 
14u 1.671 0.159 0.060 0.000 1.322 0.242 0.101 2.895 3.253 6.977 0.032 8.946 7.041 6.84 11.8 204 
14m 1.770 0.110 0.255 0.000 1.454 0.255 0.095 1.459 2.282 5.160 0.001 6.616 5.162 6.94 11.6 184 
14L 1.615 0.071 0.369 0.000 1.436 0.000 0.085 1.206 2.009 4.731 0.001 6.066 4.732 7.03 12.9 184 
16u 1.854 0.117 0.068 0.000 1.084 0.212 0.090 1.121 0.942     6.99 10.0 215 
16m 1.676 0.101 0.079 0.000 1.081 0.173 0.078 1.015 0.909 5.638 0.001 8.045 5.639 7.01 10.1 179 
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16L 1.848 0.115 0.068 0.000 1.033 0.183 0.085 1.070 1.030 4.764 0.001 6.797 4.766 7.26 10.7 183 
18u 1.939 0.000 0.003 0.000 0.451 0.106 0.032 5.449 6.630     6.99 11.3 397 
18m 1.652 0.000 0.081 0.000 1.086 0.199 0.122 5.110 5.443 10.069 0.002 12.130 10.074 6.76 11.0 230 
18L 1.568 0.078 0.416 0.000 1.541 0.000 0.090 1.434 2.485 5.226 0.002 6.296 5.230 7.06 11.4 183 
19u 2.020 0.074 0.312 0.000 1.486 0.170 0.000 1.453 0.883     7.22 9.1 177 
19m 1.872 0.132 0.048 0.000 0.674 0.071 0.028 1.407 1.425 6.965 0.001 9.937 6.967 7.12 9.0 187 
19L 2.084 0.069 0.441 0.000 1.014 0.087 0.062 0.969 0.884 4.729 0.001 6.747 4.731 7.14 9.6 178 
21u 1.728 0.202 0.012 0.000 1.626 0.276 0.089 2.717 4.006 7.833 0.002 10.043 7.836 6.95 11.4 209 
21m 1.762 0.128 0.128 0.000 1.609 0.274 0.127 1.677 2.323 6.521 0.001 8.362 6.524 6.94 11.6 198 
21L 1.723 0.071 0.402 0.023 1.469 0.000 0.085 1.349 2.316 4.989 0.001 6.396 4.990 7.11 12.1 181 
23u 2.065 0.089 0.362 0.006 1.690 0.250 0.134 1.450 2.386     7.10 12.2 176 
23m 1.972 0.083 0.470 0.000 1.526 0.000 0.091 1.362 2.308 4.663 0.001 5.617 4.666 7.14 12.7 182 
23L 1.551 0.084 0.423 0.019 1.472 0.000 0.085 1.693 2.755 5.192 0.002 6.254 5.195 7.18 13.1 181 
26u 1.746 0.182 0.105 0.000 1.297 0.162 0.022 4.359 4.186 9.018 0.004 11.563 9.027 7.10 11.5 214 
26m 1.865 0.361 0.000 0.000 0.859 0.392 0.074 5.043 6.174 10.942 0.005 14.030 10.952 7.00 11.3 228 
26L 1.809 0.081 0.434 0.022 1.888 0.000 0.092 1.415 2.367 5.760 0.002 7.385 5.764 7.20 11.7 180 
28u 1.844 0.171 0.008 0.000 1.380 0.187 0.107 2.081 1.562     7.01 9.0 202 
28m 2.045 0.073 0.305 0.000 0.938 0.188 0.069 0.865 0.891 5.377 0.001 7.673 5.379 7.12 9.7 182 
28L 2.057 0.071 0.497 0.007 1.408 0.000 0.083 1.342 0.731 5.238 0.001 7.473 5.240 7.21 10.5 184 
30u 1.850 0.087 0.375 0.009 1.558 0.206 0.099 1.581 2.442     7.36 12.1 178 
30m 1.604 0.078 0.369 0.000 1.404 0.311 0.096 1.447 2.158 4.782 0.001 5.761 4.785 7.24 12.5 187 
30L 1.277 0.065 0.320 0.017 1.086 0.000 0.061 1.056 1.807 4.849 0.001 5.841 4.852 7.23 13.2 178 
31u 1.449 0.070 0.279 0.000 1.550 0.000 0.087 1.648 2.438     7.22 11.7 296 
31m 1.455 0.074 0.312 0.006 1.489 0.396 0.120 1.469 2.191 5.185 0.001 6.247 5.187 7.07 11.2 181 
31L 1.541 0.071 0.384 0.010 1.511 0.000 0.091 0.095 2.381 4.970 0.002 5.987 4.974 7.14 11.6 180 
33u 2.074 0.073 0.368 0.000 1.518 0.000 0.058 1.571 1.515     7.19 8.5 179 
33m 2.005 0.155 0.074 0.000 1.027 0.209 0.054 1.830 0.884 8.180 0.002 11.672 8.183 7.07 8.9 205 
33L 2.080 0.070 0.492 0.000 1.140 0.000 0.071 1.024 0.968 4.886 0.001 6.971 4.888 7.18 9.8 181 
38u 1.511 0.172 0.000 0.000 0.905 0.211 0.062 4.546 4.865     7.11 11.0 211 
38m 1.763 0.000 0.000 0.000 0.919 1.069 0.152 4.635 4.953 8.980 0.002 10.818 8.985 6.85 11.5 234 
38L 1.619 0.069 0.394 0.011 1.551 0.000 0.089 1.457 2.471 5.166 0.002 6.224 5.169 7.22 12.3 187 
40u 1.885 0.181 0.133 0.001 1.266 0.000 0.032 3.288 3.867 8.452 0.002 10.838 8.457 7.17 11.4 214 
 156
40m 1.838 0.160 0.106 0.000 1.528 0.239 0.127 2.734 3.355 7.954 0.002 10.199 7.959 7.12 11.5 209 
40L 1.704 0.073 0.417 0.008 1.597 0.000 0.090 1.453 2.494 5.053 0.003 6.479 5.059 7.26 12.0 190 
42u 2.061 0.069 0.369 0.001 1.000 0.103 0.058 0.956 0.909     7.21 9.2 180 
42m 1.835 0.064 0.368 0.000 1.405 0.151 0.070 1.336 1.344 4.820 0.001 6.877 4.822 7.22 9.3 172 
42L 2.116 0.068 0.525 0.011 1.239 0.000 0.071 1.213 0.733 4.821 0.001 6.879 4.824 7.21 10.4 181 
43u 1.919 0.172 0.075  0.753 0.157 0.024 3.937 1.530     7.18 7.6 198 
43m 2.152 0.239 0.005 0.000 0.574 0.790 0.179 3.497 0.941 10.108 0.002 14.422 10.113 6.93 7.9 418 
43L 2.080 0.069 0.483 0.004 1.075 0.000 0.070 0.963 0.749 4.545 0.001 6.485 4.547 7.21 9.0 184 
45u 1.850 0.128 0.236  1.394 0.310 0.076 2.040 2.661 6.446 0.003 8.266 6.453 7.18 13.4 230 
45m 1.969 0.154 0.178 0.000 1.449 0.270 0.115 2.850 3.651 7.527 0.003 9.651 7.534 7.07 12.8 252 
45L 1.685 0.074 0.412 0.002 1.497 0.000 0.089 1.412 2.402 5.208 0.002 6.678 5.212 7.22 12.7 208 
47u 5.552 0.000    1.860 0.000 0.031 5.978 6.294     7.05 12.6 455 
47m 1.608 0.172 0.000 0.000 1.293 0.341 0.104 3.615 4.434 9.190 0.002 11.070 9.194 6.95 13.2 420 
47L 1.678 0.075 0.408 0.013 1.600 0.000 0.106 1.567 2.471 5.220 0.002 6.289 5.223 7.25 14.2 216 
50u 3.048 0.206 0.094 0.002 1.819 0.000 0.020 4.985 5.416 9.518 0.003 12.203 9.523 7.07 13.6 429 
50m 2.627 0.277 0.000 0.003 0.542 0.781 0.124 5.491 6.397 9.522 0.009 12.209 9.539 6.91 14.5 439 
50L 1.727 0.075 0.390 0.002 1.617 0.000 0.094 1.546 2.447 5.513 0.004 7.068 5.521 7.30 14.7 218 
52u 2.015 0.103 0.215 0.002 1.148 0.187 0.039 1.202 0.921     7.21 8.5 180 
52m 2.070 0.197 0.012 0.000 1.106 0.318 0.044 3.509 2.936 8.964 0.002 12.790 8.967 7.11 8.7 204 
52L 2.072 0.072 0.489 0.005 1.120 0.000 0.071 1.080 0.982 4.910 0.001 7.006 4.913 7.23 10.7 183 
54u 1.641 0.164 0.054 0.000 0.712 0.126 0.025 4.070 4.150     7.33 12.7 229 
54m 1.673 0.184 0.000 0.000 1.051 0.383 0.089 4.362 4.383 8.986 0.002 10.826 8.991 7.01 12.6 251 
54L 1.597 0.072 0.371 0.018 1.519 0.000 0.089 1.535 2.492 5.269 0.001 6.348 5.272 7.22 13.6 207 
55u 1.672 0.126 0.000 0.000 1.362 0.000 0.037 3.235 1.256     7.29 7.9 209 
55m 2.065 0.273 0.009 0.006 0.354 0.768 0.085 5.322 1.599 11.006 0.003 15.704 11.012 7.12    
55L 2.038 0.071 0.491 0.005 1.564 0.000 0.098 1.460 1.367 4.930 0.001 7.034 4.932 7.36 8.8 182 
57u 1.600 0.132 0.066 0.000 1.493 0.309 0.070 2.482 2.937     7.19 11.8 215 
57m 1.624 0.158 0.059 0.000 1.530 0.523 0.096 2.653 3.285 7.802 0.002 9.399 7.806 6.94 12.0 252 
57L 1.570 0.069 0.377 0.020 1.528 0.000 0.089 1.510 2.548 4.967 0.001 5.983 4.970 7.21 12.9 205 
59u 1.770 0.136 0.163 0.000 1.520 0.000 0.097 2.580 2.714 6.668 0.006 8.550 6.680 7.26 12.5 220 
59m 1.832 0.280 0.006 0.012 0.858 0.329 0.083 4.763 4.993 9.661 0.002 12.388 9.665 7.08 11.7 259 
59L 1.653 0.073 0.389 0.011 1.597 0.000 0.095 1.552 2.551 5.186 0.002 6.649 5.190 7.28 12.8 212 
 157
62u 1.791 0.170 0.061 0.000 1.349 0.000 0.029 3.970 4.140     7.40 12.2 232 
62m 1.557 0.074 0.339 0.006 1.498 0.269 0.110 1.467 2.252 3.727 0.001 4.489 3.728 7.30 12.1 324 
62L 1.633 0.078 0.396 0.010 1.467 0.000 0.084 1.503 2.421 5.136 0.001 6.188 5.139 7.27 13.4 203 
64u 1.796 0.072 0.303 0.000 1.578 0.000 0.069 1.494 2.196     7.28 12.9 204 
64m 1.914 0.074 0.420 0.000 1.347 0.000 0.084 1.211 2.034 5.164 0.001 6.621 5.166 7.36 13.1 209 
64L 1.765 0.068 0.409 0.017 1.562 0.000 0.092 1.445 2.496 4.948 0.001 6.345 4.950 7.31 13.7 216 
66u 1.910 0.116 0.087 0.000 1.505 0.195 0.098 1.573 1.269     7.32 7.7 187 
66m 1.958 0.068 0.312 0.000 1.428 0.217 0.105 1.272 1.153 4.808 0.001 6.861 4.810 7.31 8.2 173 
66L 2.030 0.095 0.437 0.009 1.552 0.000 0.098 1.430 0.771 4.900 0.001 6.991 4.902 7.35 9.3 181 
IN 1.814 0.075 0.459 0.027 1.340 0.059 0.104 1.119 1.801 5.031 0.002 6.564 5.035 6.76 15.3 216 
Monthly Analysis: April 2006 
Piezo Cl- NO2- SO42-  NO3- Na+ NH4+ K+ Mg2+ Ca2+ HCO3- CO32- CT Alk pH Temp Cond 
Depth mM mM mM mM mM mM mM mM mM mM mM mM mM   oC uS/cm 
2u 1.459 0.181 0.131 0.000 0.982 0.206 0.082 4.224 4.749               
2m 1.788 0.141 0.242 0.000 1.461 0.240 0.074 2.108 2.849 6.033 0.003 7.268 6.039       
2L 1.835 0.076 0.449 0.012 1.532 0.000 0.100 1.394 2.489 5.009 0.003 6.034 5.014       
4u                                 
4m                                 
4L                                 
7u 1.560 0.181 0.009 0.000 1.303 0.440 0.115 3.580 4.135 8.873 0.002 11.882 8.877       
7m 1.693 0.066 0.267 0.000 1.538 0.140 0.099 1.515 2.449 5.494 0.002 7.357 5.497       
7L 1.856 0.064 0.406 0.004 1.467 0.209 0.094 1.320 2.253 4.800 0.001 6.427 4.802       
9u                                 
9m                                 
9L                                 
11u 2.015 0.289 0.000 0.000 0.856 0.000 0.056 0.000 6.590               
11m 1.696 0.371 0.000 0.002 1.170 0.400 0.077 4.169 5.041 9.094 0.003 10.955 9.099       
11L 1.871 0.127 0.245 0.000 1.588 0.243 0.110 1.843 2.837 5.304 0.001 6.390 5.307       
14u 1.754 0.119 0.143 0.000 1.458 0.246 0.110 2.214 2.752 6.732 0.002 9.016 6.736       
14m 1.941 0.094 0.167 0.000 1.520 0.323 0.106 1.520 2.338 5.389 0.001 7.217 5.392       
14L 1.618 0.060 0.295 0.000 1.539 0.000 0.092 1.361 2.317 4.993 0.001 6.686 4.995       
16u 1.798 0.131 0.141 0.000 1.636 0.227 0.118 1.550 2.465               
 158
16m 1.898 0.128 0.191 0.000 1.775 0.453 0.122 1.497 2.272 5.475 0.001 6.596 5.477       
16L 1.890 0.077 0.448 0.022 1.611 0.000 0.099 1.440 2.475 4.910 0.003 5.915 4.916       
18u 0.000 0.000 0.000 0.000                         
18m 0.000 0.000 0.000 0.000                         
18L 0.000 0.000 0.000 0.000                         
19u 1.913 0.081 0.335 0.008 1.607 0.000 0.065 1.569 2.399               
19m 1.768 0.153 0.145 0.000 1.409 0.000 0.056 2.364 2.847 6.375 0.002 7.680 6.380       
19L 1.810 0.078 0.385 0.000 1.528 0.000 0.098 1.423 2.403 4.759 0.002 5.733 4.763       
21u 1.556 0.155 0.007 0.000 1.611 0.284 0.094 2.395 3.594 7.487 0.002 10.026 7.490       
21m 1.708 0.134 0.003 0.000 0.025 0.002 0.002 0.062 0.122 6.784 0.002 9.085 6.787       
21L 1.679 0.060 0.342 0.021 1.560 0.000 0.096 1.373 2.327 4.992 0.002 6.685 4.995       
23u                                 
23m                                 
23L                                 
26u 1.557 0.163 0.050 0.000 1.515 0.000 0.022 4.100 4.297               
26m 1.504 0.235 0.000 0.000 0.827 0.373 0.081 5.340 6.854 10.674 0.003 14.294 10.680       
26L 1.902 0.069 0.381 0.018 1.307 0.000 0.078 1.425 2.420 5.560 0.002 7.446 5.564       
28u 1.926 0.082 0.346 0.011 1.580 0.262 0.109 1.487 2.415               
28m 1.490 0.282 0.010 0.000 1.814 0.296 0.144 2.577 3.348 5.107 0.002 6.153 5.111       
28L 1.862 0.077 0.452 0.013 1.601 0.000 0.094 1.466 2.465 5.081 0.002 6.121 5.086       
30u                                 
30m                                 
30L                                 
31u                                 
31m                                 
31L                                 
33u 1.840 0.140 0.211 0.000 1.620 0.145 0.060 1.903 2.887               
33m 1.754 0.170 0.074 0.000 1.560 0.271 0.081 2.780 3.855 8.065 0.004 9.716 8.073       
33L 1.852 0.080 0.453 0.011 1.567 0.000 0.098 1.449 2.465 4.953 0.002 5.967 4.957       
38u 0.000 0.000 0.000 0.000                         
38m 0.000 0.000 0.000 0.000                         
38L 0.000 0.000 0.000 0.000                         
 159
40u 1.860 0.130 0.100 0.000 1.547 0.000 0.048 3.085 4.251 7.444 0.002 9.969 7.449       
40m 1.637 0.126 0.041 0.000 1.404 0.248 0.115 2.740 3.692 7.455 0.003 9.984 7.462       
40L 1.605 0.064 0.317 0.007 1.383 0.139 0.092 1.396 2.184 5.227 0.002 7.000 5.231       
42u 1.961 0.077 0.391 0.005 1.666 0.000 0.094 1.485 2.399               
42m 1.899 0.077 0.442 0.023 1.580 0.000 0.093 1.405 2.436 4.378 0.001 5.275 4.381       
42L 1.982 0.076 0.396 0.000 1.611 0.210 0.090 1.480 2.261 4.662 0.002 5.616 4.666       
43u 1.684 0.171 0.132   1.073 0.000 0.036 3.405 3.888               
43m 1.754 0.386 0.005 0.002 0.814 0.940 0.245 4.902 5.352 9.306 0.004 11.211 9.315       
43L 1.803 0.080 0.430 0.006 1.458 0.141 0.103 1.540 2.515 5.517 0.002 6.647 5.522       
45u 6.549 0.160 0.054   2.075 0.562 0.071 6.748 5.619 9.506 0.004 12.730 9.514       
45m 2.020 0.136 0.000 0.000 1.235 0.521 0.108 4.923 5.588 9.781 0.004 13.099 9.790       
45L 1.453 0.054 0.277 0.000 1.304 0.133 0.083 1.358 1.878 5.018 0.003 6.720 5.023       
47u                                 
47m                                 
47L                                 
50u 2.729 0.170 0.058 0.002 2.172 0.000 0.023 0.000 6.261 9.929 0.003 13.297 9.936       
50m 2.552 0.223 0.009 0.003 0.774 0.773 0.131 7.123 7.480 9.521 0.009 12.750 9.539       
50L 1.746 0.065 0.348 0.002 1.677 0.000 0.094 1.853 2.594 5.261 0.002 7.046 5.265       
52u 1.877 0.122 0.248 0.000 1.512 0.166 0.049 1.741 2.449               
52m 1.796 0.174 0.065 0.000 1.285 0.340 0.052 3.319 3.694 8.023 0.002 9.665 8.028       
52L 1.772 0.078 0.425 0.011 1.556 0.000 0.090 1.490 2.359 4.752 0.002 5.725 4.757       
54u                                 
54m                                 
54L                                 
55u 1.532 0.233 0.000 0.000 1.613 0.233 0.057 4.351 4.193               
55m 2.021 0.246 0.127 0.031 0.541 0.935 0.128 6.206 6.553 11.091 0.004 13.362 11.100       
55L 1.829 0.078 0.443 0.010 1.577 0.000 0.099 1.413 2.416 5.367 0.002 6.466 5.371       
57u                                 
57m                                 
57L                                 
59u 1.611 0.152 0.009 0.000 1.101 0.199 0.044 2.470 2.994 7.973 0.004 10.678 7.981       
59m 1.578 0.198 0.000 0.000 0.954 0.296 0.080 4.818 5.176 9.596 0.004 12.850 9.603       
 160
59L 1.431 0.059 0.282 0.004 1.324 0.000 0.083 1.335 2.088 5.303 0.002 7.102 5.307       
62u                                 
62m                                 
62L                                 
64u 1.876 0.086 0.144 0.000 1.390 0.000 0.074 1.284 2.110 4.828 0.003 6.465 4.834       
64m 1.877 0.062 0.267 0.000 1.732 0.000 0.109 1.634 2.511 4.950 0.002 6.629 4.954       
64L 1.766 0.058 0.366 0.017 1.663 0.000 0.095 1.653 2.467 4.521 0.002 6.055 4.524       
66u 1.865 0.124 0.220 0.010 1.599 0.451 0.107 1.706 2.407               
66m 0.021 0.025 0.020 0.000 1.791 0.283 0.119 1.433 2.230 4.985 0.001 6.005 4.987       
66L 1.902 0.078 0.440 0.020 1.649 0.000 0.109 1.472 2.506 4.461 0.002 5.374 4.465       
IN 1.907 0.070 0.436 0.025 1.617 0.000 0.098 1.396 2.416 5.092 0.003 6.819 5.099       
Monthly Analysis: May 2006 
Piezo Cl- NO2- SO42-  NO3- Na+ NH4+ K+ Mg2+ Ca2+ HCO3- CO32- CT Alk pH Temp Cond 
Depth mM mM mM mM mM mM mM mM mM mM mM mM mM   oC uS/cm 
2u                                 
2m                                 
2L                                 
4u                                 
4m                                 
4L                                 
7u 1.807 0.162 0.039 0.000 1.487 0.397 0.140 3.888 3.632         6.95 18.4 184 
7m 2.289 0.079 0.328 0.000 1.907 0.000 0.117 1.701 2.772 5.205 0.002 6.485 5.210 6.99 18.2 174 
7L 2.138 0.076 0.458 0.000 1.791 0.000 0.111 1.478 2.479 4.799 0.001 5.979 4.802 7.03 17.7 170 
9u                                 
9m                                 
9L                                 
11u                                 
11m                                 
11L                                 
14u 1.519 0.146 0.042 0.000 1.536 0.239 0.125 2.970 3.649         6.96 17.8 190 
14m 2.640 0.122 0.110 0.000 1.801 0.314 0.148 1.765 2.700 5.568 0.001 6.937 5.570 7.03 17.9 180 
14L 1.841 0.072 0.358 0.006 1.886 0.000 0.125 1.660 2.590 5.042 0.005 6.282 5.052 7.08 17.5 173 
 161
16u                                 
16m                                 
16L                                 
18u                                 
18m                                 
18L                                 
19u                                 
19m                                 
19L                                 
21u 1.981 0.178 0.043 0.000 1.961 0.245 0.113 2.904 3.777         6.95 18.5 198 
21m 2.131 0.140 0.096 0.007 2.100 0.267 0.149 2.413 3.618 6.505 0.001 8.105 6.508 6.85 18.2 200 
21L 2.925 0.120 0.614 0.031 1.988 0.000 0.120 1.717 2.488 5.028 0.002 6.264 5.032 7.24 18.0 178 
23u                                 
23m                                 
23L                                 
26u 1.902 0.177 0.126 0.000 0.032 0.009 0.010 0.094 0.282         7.28 18.8 203 
26m 2.596 0.327 0.008 0.000 0.998 0.324 0.101 5.938 5.329 10.440 0.004 13.007 10.448 7.11 17.5 220 
26L 1.970 0.070 0.391 0.023 1.786 0.000 0.108 1.684 2.503 5.073 0.002 6.320 5.076 7.24 17.4 186 
28u                                 
28m                                 
28L                                 
30u                                 
30m                                 
30L                                 
31u                                 
31m                                 
31L                                 
33u                                 
33m                                 
33L                                 
38u                                 
38m                                 
 162
38L                                 
40u 1.934 0.181 0.011 0.000 1.732 0.000 0.043 3.615 3.811         7.21 18.0 335 
40m 1.887 0.179 0.012 0.005 1.797 0.433 0.152 3.412 3.114 7.631 0.003 9.508 7.637 7.32 17.8 212 
40L 1.982 0.070 0.400 0.007 1.966 0.000 0.115 1.773 2.448 5.048 0.002 6.289 5.052 7.28 17.5 188 
42u                                 
42m                                 
42L                                 
43u                                 
43m                                 
43L                                 
45u 2.093 0.149 0.067 0.000 1.898 0.287 0.078 3.260 3.516         7.22 18.5 196 
45m 1.768 0.127 0.051 0.013 1.670 0.212 0.135 2.770 3.648 6.677 0.002 8.319 6.681 7.21 18.4 208 
45L 0.035 0.000 0.000 0.000 1.927 0.000 0.111 1.682 2.390 4.734 0.002 5.898 4.738 7.39 18.6 188 
47u                                 
47m                                 
47L                                 
50u 2.976 0.198 0.063 0.000 2.201 0.000 0.029 5.133 5.418         7.21 17.7 228 
50m                           7.07 17.7 237 
50L 1.894 0.071 0.370 0.004 1.979 0.000 0.112 1.968 2.624 5.073 0.002 6.321 5.078 7.33 17.9 194 
52u                                 
52m                                 
52L                                 
54u                                 
54m                                 
54L                                 
55u                                 
55m                                 
55L                                 
57u                                 
57m                                 
57L                                 
59u                           7.21 18.5 235 
 163
59m 1.873 0.239 0.005 0.000 1.211 0.260 0.104 4.875 4.916 9.092 0.003 11.328 9.098 7.15 17.9 229 
59L 1.969 0.068 0.397 0.009 1.964 0.000 0.115 1.862 2.452 5.086 0.003 6.336 5.091 7.27 18.1 193 
62u                                 
62m                                 
62L                                 
64u 0.000 0.000 0.000 0.000                   6.97 19.5 199 
64m 2.416 0.099 0.214 0.007 1.976 0.000 0.125 1.678 2.615 5.100 0.002 6.355 5.105 7.41 18.7 197 
64L 1.811 0.063 0.347 0.015 1.840 0.000 0.104 1.525 2.355 4.778 0.004 5.952 4.786 7.41 18.5 3 
66u                                 
66m                                 
66L                                 
IN 2.269 0.073 0.500 0.032 1.926 0.000 0.110 1.558 2.745 4.977 0.006 6.200 4.989 6.91 18.0 167 
Monthly Analysis: June 2006 
Piezo Cl- NO2- SO42-  NO3- Na+ NH4+ K+ Mg2+ Ca2+ HCO3- CO32- CT Alk pH Temp Cond 
Depth mM mM mM mM mM mM mM mM mM mM mM mM mM   oC uS/cm 
2u 1.344 0.141 0.063 0.000 1.811 0.254 0.084 5.969 3.145     6.73 19.9 419 
2m 1.501 0.128 0.038 0.000 1.408 0.244 0.084 3.538 4.089 7.295 0.004 8.567 7.303 6.73 21.7 218 
2L 1.943 0.059 0.373 0.004 1.671 0.000 0.096 1.968 2.350 5.145 0.002 6.042 5.148 6.89 19.8 193 
4u 1.915 0.084 0.111 0.000 1.703 0.000 0.071 2.000 2.905 5.211 0.001 6.120 5.214     
4m 1.936 0.086 0.101 0.000 1.613 0.000 0.065 1.733 2.709 5.257 0.001 6.174 5.259     
4L 1.883 0.057 0.358 0.000 1.583 0.000 0.085 1.671 2.431 4.848 0.001 5.694 4.850     
7u 1.691 0.134 0.089 0.000 1.606 0.196 0.110 4.178 4.643     6.79 21.0 369 
7m 1.983 0.063 0.273 0.000 1.832 0.000 0.103 2.234 2.778 5.348 0.001 6.280 5.349 6.99 20.8 203 
7L 1.929 0.057 0.385 0.000 1.937 0.000 0.107 2.225 3.139 5.005 0.001 5.878 5.008 7.03 20.3 196 
9u 1.490 0.151 0.108 0.004 2.028 0.347 0.107 4.163 5.566 8.724 0.002 10.245 8.728     
9m 1.959 0.066 0.273 0.000 1.678 0.207 0.097 2.221 3.041 5.794 0.001 6.804 5.796     
9L 1.978 0.058 0.328 0.000 1.863 0.000 0.102 1.934 2.590 5.170 0.001 6.071 5.172     
11u 1.807 0.234 0.006 0.000 0.889 0.000 0.037 8.044 8.598     6.99 21.4 364 
11m 1.473 0.220 0.003 0.000 1.202 0.150 0.085 4.740 5.903     6.78 20.0 232 
11L 1.975 0.065 0.311 0.000 1.774 0.000 0.107 1.957 3.144     6.94 20.3 200 
14u 1.325 0.132 0.045 0.000 1.648 0.251 0.108 4.077 4.568 8.033 0.001 9.434 8.036 6.91 20.0 215 
14m 1.687 0.123 0.007 0.000 1.676 0.204 0.122 2.226 3.574 6.742 0.001 7.918 6.745 6.94 20.2 211 
 164
14L 1.971 0.062 0.339 0.000 1.728 0.000 0.097 1.834 3.110 5.152 0.001 6.051 5.155 7.07 19.6 201 
16u 1.957 0.101 0.041 0.000 1.791 0.457 0.148 2.095 3.320 5.716 0.001 6.713 5.718 7.04 21.1 208 
16m 1.884 0.137 0.004 0.000 1.959 0.229 0.146 2.436 3.543 6.733 0.001 7.908 6.736 7.07 20.7 212 
16L 1.911 0.056 0.382 0.015 1.945 0.000 0.101 2.076 2.278 5.041 0.002 5.921 5.045 7.22 20.8 205 
18u 1.661 0.177 0.060 0.000 0.525 0.000 0.030 5.687 7.042 10.221 0.002 12.003 10.225     
18m 1.616 0.224 0.000 0.000 1.099 0.213 0.136 6.986 6.824 10.099 0.002 11.860 10.103     
18L 1.866 0.118 0.225 0.000 1.514 0.285 0.134 4.196 3.989 7.256 0.002 8.521 7.259     
19u 1.898 0.096 0.037 0.000 1.759 0.000 0.067 2.189 3.283 5.636 0.001 6.618 5.638     
19m 1.386 0.114 0.043 0.004 1.345 0.000 0.079 3.010 3.654 6.648 0.002 7.807 6.651     
19L 1.965 0.061 0.321 0.000 1.825 0.000 0.103 1.883 2.850 5.174 0.001 6.076 5.176     
21u 1.780 0.111 0.144 0.000 1.740 0.182 0.094 2.579 4.052 6.801 0.001 7.987 6.804 7.07 19.9 347 
21m 1.767 0.131 0.069 0.000 1.803 0.252 0.113 2.969 4.343 7.267 0.001 8.534 7.270 6.95 19.5 235 
21L 1.914 0.058 0.393 0.015 2.037 0.000 0.106 2.086 2.784 5.205 0.001 6.112 5.207 7.21 19.4 210 
23u 1.951 0.063 0.236 0.000 1.978 0.000 0.119 2.140 3.112 5.377 0.001 6.315 5.379     
23m 1.974 0.089 0.090 0.000 1.901 0.000 0.121 2.034 2.988 5.250 0.001 6.166 5.252     
23L 1.910 0.059 0.298 0.011 2.054 0.000 0.106 2.300 2.579 5.087 0.001 5.974 5.089     
26u 1.741 0.142 0.054 0.000 1.579 0.000 0.058 6.148 5.551     7.22 20.4 351 
26m 1.694 0.247 0.000 0.000 0.954 0.356 0.108 7.089 8.227 10.501 0.003 12.332 10.506 7.08 19.6 373 
26L 1.965 0.067 0.428 0.021 1.499 0.000 0.090 1.923 3.315 5.699 0.002 6.693 5.703 7.19 19.7 204 
28u 0.509 0.178 0.006 0.000 1.809 0.491 0.168 4.189 4.307     7.01 18.7 230 
28m 1.717 0.146 0.007 0.000 1.994 0.424 0.166 2.706 3.771 6.597 0.002 7.747 6.602 7.07 18.7 206 
28L 1.968 0.059 0.369 0.000 1.934 0.000 0.115 2.042 3.004 5.168 0.003 6.069 5.174 7.22 18.6 197 
30u 1.989 0.059 0.306 0.004 1.838 0.000 0.098 1.899 2.905 5.166 0.002 6.522 5.166     
30m 1.986 0.062 0.261 0.000 1.715 0.349 0.111 2.004 3.026 5.389 0.002 6.809 5.393     
30L 1.999 0.058 0.336 0.016 1.803 0.192 0.102 1.966 2.904 5.228 0.001 6.605 5.230     
31u 2.012 0.086 0.194 0.011 1.880 0.000 0.093 1.917 3.024         
31m 1.952 0.110 0.067 0.000 1.812 0.381 0.147 2.635 3.550 6.334 0.001 8.002 6.336     
31L 1.934 0.064 0.307 0.000 1.992 0.000 0.132 2.263 3.005 5.459 0.002 6.896 5.462     
33u 1.916 0.117 0.038 0.000 2.120 0.000 0.073 3.100 4.155 6.820 0.002 8.617 6.823 7.26 20.2 207 
33m 1.791 0.187 0.000 0.000 1.879 0.305 0.088 4.098 5.329 8.528 0.002 10.774 8.532 7.10 19.4 235 
33L 1.886 0.115 0.219 0.000 1.801 0.222 0.110 2.970 4.226 6.663 0.002 8.419 6.667 7.18 19.4 306 
38u 1.250 0.180 0.085 0.000 0.937 0.122 0.045 7.840 7.247 10.176 0.003 12.856 10.181     
 165
38m 1.665 0.225 0.000 0.000 1.114 1.082 0.180 6.759 7.022 10.030 0.002 12.672 10.034     
38L 1.825 0.132 0.235 0.008 1.677 0.300 0.113 3.964 4.716 7.613 0.002 9.618 7.617     
40u 1.790 0.190 0.009 0.000 1.742 0.000 0.036 5.005 5.603 8.834 0.002 11.162 8.839 7.16 19.4 225 
40m 1.733 0.172 0.003 0.000 1.726 0.368 0.123 4.344 4.540 7.995 0.002 10.101 8.000 7.24 19.1 235 
40L 1.869 0.069 0.340 0.006 1.863 0.185 0.117 2.808 3.487 5.999 0.002 7.579 6.003 7.37 19.0 206 
42u 2.008 0.090 0.166 0.002 2.059 0.000 0.116 2.171 3.093 5.207 0.001 6.579 5.210 7.40 19.4 208 
42m 2.020 0.090 0.000 0.000 1.938 0.000 0.103 2.033 2.953 5.251 0.001 6.634 5.253 7.36 19.3 206 
42L 2.023 0.059 0.307 0.007 1.846 0.000 0.098 1.904 2.737 5.048 0.002 6.378 5.051 7.34 19.6 205 
43u 1.562 0.131 0.180 0.000 1.530 0.000 0.052 4.154 4.754 7.991 0.002 10.096 7.996 7.38 19.6 227 
43m 1.688 0.235 0.000 0.000 0.911 0.937 0.299 6.071 7.356 10.005 0.003 12.641 10.011 7.07 19.3 400 
43L 1.870 0.123 0.241 0.000 1.616 0.204 0.160 3.488 4.397 7.306 0.002 9.231 7.311 7.30 19.6 209 
45u 1.985 0.161 0.103 0.000 1.834 0.223 0.072 4.379 5.626 8.646 0.002 10.923 8.650 7.35 20.1 228 
45m 1.877 0.134 0.075 0.011 1.688 0.211 0.108 3.420 4.088 7.056 0.002 8.914 7.060 7.27 20.3 228 
45L 1.908 0.066 0.303 0.005 1.854 0.216 0.116 2.447 3.254 5.689 0.002 7.188 5.693 7.36 19.8 206 
47u 5.976 0.165 0.000 0.000 2.770 0.000 0.074 7.133 6.591 9.146 0.002 11.555 9.150     
47m 2.363 0.216 0.006 0.009 1.493 0.366 0.138 6.400 5.927 9.496 0.003 11.998 9.501     
47L 1.993 0.075 0.329 0.017 1.823 0.262 0.156 3.453 3.463 6.105 0.002 7.713 6.109     
50u 2.428 0.144 0.173 0.002 2.018 0.000 0.062 4.767 5.655 8.349 0.002 10.548 8.353 7.13 20.1 373 
50m 2.562 0.269 0.004 0.000 1.337 0.257 0.096 7.369 8.227 10.386 0.003 13.121 10.391 7.07 19.7 388 
50L 1.954 0.062 0.404 0.011 1.894 0.000 0.113 2.265 3.044 5.186 0.002 6.553 5.190 7.34 19.3 318 
52u 1.918 0.105 0.210 0.004 2.022 0.000 0.074 2.348 3.396 5.590 0.001 7.062 5.592     
52m 1.631 0.197 0.004 0.003 1.525 0.191 0.070 4.832 4.844 8.222 0.002 10.388 8.226     
52L 1.817 0.075 0.268 0.004 1.837 0.000 0.091 2.946 3.517 6.103 0.002 7.711 6.107     
54u 1.459 0.153 0.127 0.000 1.386 0.000 0.048 5.900 5.484 8.898 0.005 11.242 8.908     
54m 1.560 0.213 0.000 0.000 1.288 0.272 0.098 6.298 6.257 9.586 0.003 12.111 9.591     
54L 1.838 0.081 0.324 0.016 1.687 0.292 0.109 3.576 4.052 6.931 0.002 8.757 6.936     
55u 1.728 0.144 0.203 0.014 2.353 0.000 0.097 4.368 4.340 7.956 0.004 9.512 7.965 7.38 20.5 387 
55m 1.956 0.284 0.004 0.000 0.694 0.951 0.159 8.232 7.537 10.554 0.003 12.618 10.560 7.28 20.2 398 
55L 2.015 0.090 0.289 0.000 1.686 0.198 0.137 4.461 4.139 7.614 0.002 9.102 7.618 7.32 19.6 211 
57u 1.742 0.132 0.123 0.005 2.099 0.000 0.071 4.225 4.531 7.755 0.002 9.271 7.759     
57m 1.777 0.149 0.000 0.000 1.775 0.462 0.119 3.739 4.325 7.643 0.002 9.137 7.647     
57L 1.893 0.071 0.300 0.014 1.821 0.488 0.145 2.660 3.162 5.742 0.002 6.864 5.745     
 166
59u 1.764 0.141 0.200 0.010 1.684 0.168 0.098 4.183 4.183 8.020 0.003 9.588 8.025 7.31 20.3 366 
59m 1.715 0.214 0.000 0.000 1.151 0.299 0.105 6.408 6.204 9.501 0.003 11.359 9.507 7.12 19.4 353 
59L 1.858 0.119 0.241 0.000 1.598 0.332 0.135 3.646 4.577 7.001 0.002 8.369 7.004 7.29 19.1 208 
62u 1.379 0.162 0.188 0.005 2.085 0.000 0.054 7.610 3.162         
62m 1.940 0.111 0.052 0.000 1.950 0.317 0.164 2.988 3.352 6.220 0.001 7.436 6.223     
62L 1.926 0.063 0.283 0.000 1.982 0.000 0.130 2.186 3.025 5.554 0.001 6.640 5.557     
64u 1.886 0.111 0.185 0.010 2.256 0.000 0.096 2.672 3.507 6.207 0.002 7.420 6.211 7.40 19.0 205 
64m 2.028 0.093 0.113 0.000 2.109 0.000 0.135 2.223 2.951 5.501 0.001 6.576 5.503 7.35 19.4 207 
64L 2.033 0.060 0.307 0.011 1.998 0.000 0.119 2.082 2.750 5.197 0.001 6.213 5.200 7.40 20.5 212 
66u 1.806 0.113 0.064 0.006 2.528 0.208 0.199 3.303 2.863 6.758 0.003 8.079 6.763 7.50 19.6 219 
66m 1.923 0.165 0.009 0.004 2.206 0.540 0.221 2.963 4.038 6.916 0.002 8.268 6.919 7.40 19.5 214 
66L 1.975 0.062 0.376 0.006 2.101 0.000 0.122 2.217 3.091 5.260 0.002 6.288 5.263 7.40 19.2 203 
IN 1.983 0.056 0.395 0.025 1.521 0.000 0.071 1.735 2.411 5.003 0.003 5.875 5.009 6.89 18.0 194 
 
Key: 
 
U = piezometer depth (9 inch depth) 
M = piezometer depth (27 inch depth) 
L = piezometer depth (45 inch depth) 
IN= influent sample from pump house 
Blank space indicates data not available 
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Appendix C: Surfer plots 
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